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ABSTRACT 
 
Development of biochemical techniques to examine chromatin structure and 
protein-DNA interactions on a global scale has allowed for extensive characterization of 
functional and regulatory elements essential to cellular biological processes. In particular, 
chromatin accessibility and susceptibility to damage, coupled with high-throughput 
sequencing, have served as means for characterizing these elements. To better understand 
protein occupancy in relation to chromatin architecture, a technique that can impartially 
probe DNA structure at high resolution is required. The hydroxyl radical, generated from 
a modified Fenton reaction or ɣ-irradiation of water molecules, is a chemical tool used for 
probing nucleic acid structure, and capable of mapping protein-DNA binding sites at 
single-nucleotide resolution. Adapting hydroxyl radical footprinting for analysis by high-
throughput sequencing (OH-seq) aims to provide a detailed profile of the chromatin 
landscape in whole genomes. Initial development of OH-seq was carried out on a model 
system using synthetic oligonucleotides to mimic a hydroxyl radical damage site. The 
single-strand break was enzymatically converted to a double-strand break to allow for end-
repair and ligation to a sequencing adapter.  
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This dissertation describes the further development of OH-seq in vitro, and the 
optimization of this technique for application to whole genomes in vivo. To show that OH-
seq can successfully map protein-DNA interactions, the technique was tested on the well 
characterized λ repressor-operator complex. Analyses for sequencing libraries, tagging 
single- and double-strand breaks created from hydroxyl radical cleavage of plasmid DNA 
in the absence and presence of λ repressor, show footprints similar to those from previous 
studies. Application of OH-seq to human and S. cerevisiae genomes captured double-strand 
breaks in genomic DNA following ɣ-irradiation of cells. Analyses examining the damage 
profile across aggregated transcription start sites and nucleosome positions in the human 
genome reveal high damage at promoters, and highly periodic nucleosomal footprints. OH-
seq profiles for select transcription factors in yeast show distinct footprints comparable to 
those from other genome-wide studies. These preliminary results show the potential OH-
seq has for characterizing chromatin structure and protein-DNA interactions. Further 
optimization will make the technique a useful addition to the current repertoire of tools for 
studying genome structure and function. 
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Chapter 1: Introduction 
1.1  Protein-DNA interactions in biological function  
Protein-DNA interactions are essential to key biological processes such as DNA 
replication, recombination, repair, transcription, and the structural organization of the 
genome. Much interest has been placed on the role of these interactions in coordinating 
changes in chromatin architecture and regulation of gene expression. Specifically, 
chromatin accessibility and susceptibility to nuclease cleavage have been widely studied 
as a means to identify DNA regulatory elements for transcription factor binding (Wolffe, 
1994; Felsenfeld and Groudine, 2003; Furey, 2012). Among regions with higher chromatin 
accessibility, and therefore increased susceptibility to nuclease attack, regulatory elements 
such as promoters, enhancers, insulators, silencers, and locus control regions are 
prominently featured (Gross and Garrad, 1988; Li et al., 2002; Boyle et al., 2008; Sheffield 
and Furey, 2012). To better understand the function and dynamics of core cellular 
processes on a systems level, protein-DNA interactions responsible for remodeling 
chromatin structure and controlling gene expression need to be characterized on the whole-
genome scale. 
DNA structure and recognition in protein binding 
The ability of proteins to recognize and preferentially bind specific DNA sequences 
was thought to rely on the formation of hydrogen bonds between amino acids and specific 
bases along the major groove of the DNA (Seeman et al., 1976), as well as on sequence-
dependent conformational changes that facilitate protein-binding (Travers, 1989; Lu et al., 
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2000). Recent studies show that in addition to these two readout mechanisms, proteins also 
depend on variation in electrostatic potential in the DNA minor groove for site recognition 
and binding. Specifically, narrowing of the minor groove increases the negative 
electrostatic potential in that region, which stabilizes insertion of basic side-chains from 
the DNA-binding protein (Joshi et al., 2007; Rohs et al., 2009; Rohs et al., 2010; Stella et 
al., 2010). Experiments show that narrow minor grooves are associated with A-tracts or 
AT-rich sequences, which facilitate the bending of DNA, and that arginine residues are 
often found bound to these regions (Rohs et al., 2009). These studies suggest that proteins 
detect variations in DNA shape, such as minor groove width and DNA bending, to find 
their binding sites, while contacts between proteins and bases at the major groove are 
important for binding specificity.  
Many DNA-binding proteins exhibit distinct structural motifs used in site 
recognition and binding. These motifs reflect the architecture of the DNA-binding domains. 
According to the Structural Classification of Proteins (SCOP) database, multiple SCOP 
superfamilies share a binding motif (Murzin et al., 1995). For example, a large number of 
superfamilies use mixed α/β domains to bind DNA; the zinc finger, a motif characterized 
by the coordination of one or more zinc ions to stabilize its structure, is shared among 
proteins in several of these superfamilies (Laity et al., 2001). The helix-turn-helix (HTH) 
motif is prevalent among proteins in superfamilies with mainly α-helical architecture, such 
as homeodomain and λ repressor-like proteins. One helix of the motif makes key contacts 
with the bases in the major groove of the DNA, while a second helix is essential for 
anchoring the HTH unit to the DNA (Harrison and Aggarwal, 1990). In superfamilies with 
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mainly β-domains, such as p53-like transcription factors and TATA-box binding proteins 
(TBP), the immunoglobulin-like-β-sandwich and β-sheet are two motifs that are seen (Rohs 
et al., 2010). In the former, the β-sandwich acts as a scaffold for β-sheets and loops binding 
to the DNA (Rice and Correll, 2008), while in the latter, the surfaces of β-sheets interact 
with the grooves of the DNA (Tateno et al., 1998). Despite the common motifs shared 
among superfamilies, distinct structural context, protein orientation, and the sequence of 
the DNA binding site allow for diversity in protein-DNA interactions. 
Chromatin architecture and gene expression  
The eukaryotic genome is structurally organized as chromatin, which consists of 
nucleosomes separated by linker DNA regions. Each nucleosome is formed from about 
147 base pairs (bp) of genomic DNA wrapped approximately 1.7 times around a histone 
octamer, consisting of two copies each of the H2A, H2B, H3, and H4 histone proteins 
(Luger et al., 1997; Kornberg and Lorch, 1999). The linker DNA region between each 
nucleosome varies in length (10-80 bp). Binding of the H1 histone to the linker DNA helps 
stabilize the chromatin fiber (Felsenfeld & Groudine, 2003). Nucleosome organization, 
which describes the translational and rotational positions of nucleosomes, is influenced by 
both the underlying DNA sequence and by the behavior of other DNA-binding proteins 
and chromatin remodeling factors (Albert et al., 2007). Periodic AA/AT/TA/TT 
dinucleotides in DNA sequences facilitate the wrapping of DNA around the histone core 
to form nucleosomes (Satchwell et al., 1986). Specifically, A/T dinucleotides are favored 
where the minor groove faces towards the histone proteins, while C/G dinucleotides are 
favored where the minor groove faces outwards. Studies show this nucleosomal periodicity 
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is not limited to dinucleotides, and that A-tracts ≤5 bp long also facilitate DNA bending 
around the histone core (Rohs et al., 2010). As nucleosome occupancy and organization 
are also shaped by the binding dynamics of other DNA-binding proteins, such as 
transcription factors (TFs), and chromatin remodelers, the role of nucleosome folding, 
positioning, and modification in transcriptional regulation has been examined extensively 
(Wu and Gilbert, 1981; Wolffe, 1994; Weiler and Wakimoto, 1995; Huisinga et al., 2006; 
Grewal and Jia; 2007; Cairns, 2009). Transcriptionally silent regions of the genome are 
generally associated with densely packed heterochromatin, which are regions of high 
nucleosome occupancy. The more loosely packed euchromatin (regions of open chromatin 
and low nucleosome occupancy) is generally associated with active transcription. 
Chromatin remodeling factors alter the chromatin landscape to promote repressed or active 
chromatin states. Specifically, ATP-dependent chromatin remodelers can slide or eject 
nucleosomes to increase DNA access, such as for binding of transcription machinery 
proteins, or they can organize nucleosome arrays, preventing access to DNA binding sites 
in this compact chromatin state (Saha, et al., 2006; Cairns et al., 2009). Histone 
modifications similarly alter chromatin structure to regulate gene expression and other 
important DNA processes (Bannister and Kouzarides, 2011). Some modifications, such as 
histone acetylation and phosphorylation, directly perturb chromatin structure (in these 
cases, by disrupting interactions between histones and DNA) to promote DNA access for 
protein binding. Other modifications, such as lysine methylation, are recognized by 
effector molecules, which bind the modified histones and recruit remodeling complexes to 
either loosen or compact nucleosome arrays.  
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This interplay between nucleosomes and TFs is just one important aspect of how 
TF binding is controlled in vivo. TFs target and bind sequence-specific sites, typically short 
(6-12 bp) degenerate DNA sequences, in the promoter or enhancer regions of the genome. 
While the binding preferences and motifs of many TFs are known, binding affinities and 
specificities vary based on cell type, binding domain features, and the effects of 
combinatorial TF occupancy (Ernst et al., 2010; Arvey et al, 2012; Spitz and Furlong, 
2012). Due to these variables, studies have found that predicting TF binding locations using 
DNA motifs, or any single characteristic, is insufficient (Arvey et al., 2012; Jolma et al., 
2013). Based on observations that TF occupancy is associated with specific histone 
modifications (Berger 2007) and DNA accessibility (John et al., 2011, Li et al., 2011), 
computational models have relied on information from chromatin immunoprecipitation 
(ChIP) (Heintzman et al., 2007; Valouev et al., 2008; Heintzman et al., 2009) and DNase 
footprinting studies (Hesselberth et al., 2009; Neph et al., 2012) to predict and identify TF 
binding throughout whole genomes. These experiments respectively capture protein-DNA 
interactions and chromatin markers, and map DNase hypersensitive sites, giving a detailed 
view of TF binding in relation to the chromatin landscape on a global scale. To better 
understand how the aforementioned variables affect TF binding in transcriptional 
regulation and other key nuclear processes, additional genome-wide studies examining 
chromatin structure and protein-DNA interactions are needed. 
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1.2 Current techniques used to study DNA structure and protein-DNA 
interactions at the whole-genome scale  
Developing methods for genome-wide analysis of chromatin structure and protein-
DNA interactions has been made possible by the introduction of microarray-based 
techniques, and advance in DNA sequencing technology. Some of the current methods 
used are ChIP-, MNase-, DNase-, and FAIRE-seq. These methods have allowed for 
extensive analyses of the chromatin landscape, but there are also limitations with each of 
these approaches.  
Chromatin immunoprecipitation (ChIP) sequencing 
ChIP-seq is widely used for mapping protein-DNA interactions and histone 
modifications across whole genomes. In a typical ChIP-seq experiment (Figure 1.1a), 
genomic DNA is crosslinked to proteins using formaldehyde, and then sheared to smaller 
fragments. The protein-DNA complex is immunoprecipitated using an antibody specific to 
the protein of interest, crosslinks are reversed, and the recovered DNA is prepared for 
sequencing. Modifications to the ChIP-seq protocol have allowed for preparation of 
sequencing libraries from limited cell numbers (Nano-ChIP-seq) (Adli and Bernstein, 
2011), as well as increased structural resolution at the protein-DNA binding site (ChIP-exo) 
(Rhee and Pugh, 2011). Despite these improvements and developments, there are still 
several drawbacks with the method. The first is that ChIP relies on the use of antibodies 
for specific proteins, which, in many cases, are not readily available. Experiments on 
histone modifications also show that multiple modifications can affect the efficacy of 
certain antibodies (Fuchs et al., 2011). Furthermore, while efforts in co-
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immunoprecipitation of multiple proteins have been made, these experiments are still 
limited to assaying one primary target at a time, and have not been fully optimized for 
sequencing purposes (Geisberg and Struhl, 2004; Furey, 2012). A third drawback is the 
limited resolution achieved with ChIP-seq. The resolution at the binding site depends on 
the length of the DNA fragment sequenced. Since fragmentation of the crosslinked 
complex is random and leaves varying lengths of DNA ends flanking the binding region, 
details at the protein-DNA interface cannot be determined. Resolution is slightly increased 
with ChIP-exo, where an exonuclease is used to digest the excess DNA, but the resolution 
is still only to within several base pairs of the binding site (Rhee and Pugh, 2011).  
Mapping nucleosome occupancy using micrococcal nuclease (MNase)  
MNase-seq is commonly used to identify nucleosome positions throughout the 
genome (Figure 1.1b). The endo-exonuclease digests linker DNA between nucleosomes, 
and the isolated DNA is prepared for sequencing. In a variation of the experiment that uses 
ChIP-seq, crosslinked nucleosomes are digested with MNase, and then isolated using 
antibodies specific to histone modifications (Zhang and Pugh, 2011). Crosslinks are 
reversed and the DNA is prepared for sequencing. MNase-seq has allowed for precise 
mapping of nucleosome occupancy in whole genomes (Lee et al., 2007; Mavrich, et al., 
2008; Gaffney et al., 2012), but there are still limitations with this technique. Firstly, the 
nuclease exhibits a sequence-specific cleavage pattern, which can introduce a bias in the 
experiment that needs to be accounted for (Hörz and Altenburger, 1981; Dingwall et al., 
1981; Chung et al., 2010). Secondly, MNase-seq is limited to mapping nucleosomes and 
other DNA-bound proteins where there are DNA regions accessible for MNase cleavage. 
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This drawback affects the resolution obtained with this technique. As with ChIP-seq, the 
resolution depends on the DNA length; in this case, MNase digests free DNA until it 
reaches a bound protein, so only the ends flanking the binding site are tagged for 
sequencing. Detailed information regarding the protein-DNA interaction is therefore not 
obtained with this method. 
Mapping open chromatin using DNase I and formaldehyde-assisted isolation of 
regulatory elements (FAIRE) 
As previously mentioned, nucleosome-depleted regions and open chromatin are 
generally associated with active transcription of regulatory elements. Binding of regulatory 
factors changes the chromatin structure, and while bound sites are protected from nuclease 
cleavage, DNA around the bound regions and along the open chromatin become more 
accessible. In the DNase-seq experiment, these accessible DNA regions, termed DNase 
hypersensitive sites (Gross and Garrard, 1988), are digested using the endonuclease DNase 
I (Figure 1.1c). DNA fragments resulting from DNase I treatment are sequenced to give 
high-resolution maps of open chromatin, revealing protein-DNA interactions (Crawford et 
al., 2006; Hesselberth et al., 2009; Song et al., 2011; Neph et al., 2012). Further 
optimization of the DNase-seq experiment to co-map TF binding and nucleosome 
occupancy has also revealed TF-DNA interactions and TF-nucleosome interactions 
(Vierstra et al., 2014). One drawback with DNase-seq is that the endonuclease displays an 
intrinsic sequence-specific cleavage bias, and although the extent of this bias effect is still 
unclear, studies suggest that some cleavage patterns interpreted as TF footprints may 
actually be artifacts (He et al., 2014).  
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FAIRE-seq is also used to map open chromatin in whole genomes (Figure 1.1d). In 
this experiment, DNA is crosslinked to proteins using formaldehyde, and then sheared to 
smaller fragments. Phenol-chloroform extraction separates crosslinked protein-DNA 
complexes from free DNA fragments. DNA fragments are sequenced to provide a map of 
nucleosome-depleted regions, including those at promoters, enhancers, and insulators 
(Giresi et al., 2007; Song et al., 2011). Many of these regions coincide with DNase I 
hypersensitive sites. While binding sites of regulatory factors can sometimes be identified, 
the low signal-to-noise ratio and resolution obtained with FAIRE-seq limit its use for 
detailed characterization of protein-DNA interactions (Simon et al., 2012). 
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Figure 1.1. Overview of experiments used to examine chromatin structure and protein-
DNA interactions. (a) ChIP isolates protein-bound DNA fragments using antibodies 
specific to the protein of interest. (b) MNase digests chromatin to mononucleosomes, and 
when coupled with ChIP, MNase-seq can also detect histone modifications. (c) Digestion 
of chromatin with DNase I reveals nucleosome-depleted regions and protein binding sites. 
(d) FAIRE-seq also identifies regions of open chromatin through enrichment and 
sequencing of fragmented DNA not crosslinked to proteins. 
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1.3 Hydroxyl radical as a chemical probe of DNA structure 
To obtain a complete profile of the chromatin landscape and protein occupancy 
across the genome, a technique that can impartially probe DNA structure at high resolution 
is required. The hydroxyl radical, generated by a modified Fenton reaction or ɣ-irradiation 
of water molecules, is a chemical tool widely used for studying nucleic acid structure, and 
is capable of mapping protein-DNA binding sites at single-nucleotide resolution (Tullius, 
1988, Price and Tullius, 1992; Jain and Tullius, 2008). This sequence-independent reagent 
abstracts solvent-accessible hydrogen atoms from deoxyriboses along the DNA backbone 
to generate strand breaks with distinct termini (Figure 1.2). The collection of strand breaks, 
when mapped, is characteristic of the structure-dependent solvent accessibility of the DNA. 
Protein-DNA interactions decrease the solvent accessibility of the DNA, resulting in fewer 
strand breaks from hydroxyl radical cleavage at the protein-DNA binding site, compared 
to at open regions. These differences precisely define the binding site and provide structural 
details characteristic of the protein-DNA interaction.   
Hydroxyl radical footprinting 
Hydroxyl radical footprinting experiments give high-resolution footprints of 
proteins bound to DNA. In a typical experiment, a radiolabeled DNA fragment is treated 
with hydroxyl radicals generated by the Fenton reaction in the presence or absence of a 
DNA-binding protein. Iron(II)EDTA is reacted with hydrogen peroxide to produce 
hydroxyl radicals. Addition of sodium ascorbate reduces the iron(III)EDTA product back 
to iron(II)EDTA to create a catalytic cycle (Jain and Tullius, 2008). Cleavage products are 
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resolved on a denaturing polyacrylamide gel and imaged to reveal protein-bound regions 
protected from hydroxyl radical cleavage. These regions constitute the footprint. Hydroxyl 
radical footprinting experiments have also been carried out in vivo, using radiation to 
generate hydroxyl radicals, and primer extension analysis to measure the extent of cleavage 
(Ottinger and Tullius, 2000; Adilakshmi et al., 2006). Cleavage patterns at footprint regions 
are characteristic of the protein-DNA interaction (Tullius and Dombroski, 1986; Carey, 
1989; Yang and Nash, 1989; Hayes and Tullius, 1992). Because different classes of DNA-
binding proteins give different patterns of DNA protection, these footprint phenotypes can 
potentially be used to identify the type of protein bound (Yang and Carey, 1995). The major 
drawback with classical hydroxyl radical footprinting studies is that gel analyses are 
limited to examining regions no more than about a hundred base pairs long. Adapting 
hydroxyl radical footprinting for analysis by high-throughput sequencing will allow for 
detailed footprinting experiments on a genome-wide scale. 
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Figure 1.2. Top: numbering system for deoxyribose carbon atoms. Bottom: Products 
resulting from hydrogen abstraction from sugar carbons include a gap with 3ʹ- and 5ʹ-
phosphate groups, (left) a gap with 3ʹ-phosphoglycolate and 5ʹ-phosphate groups (center), 
and a nick with 3ʹ-phosphate and 5ʹ-aldehyde groups (right). 
Development of OH-seq 
Initial development of a technique coupling hydroxyl radical footprinting with 
high-throughput sequencing (OH-seq) was carried out in the Tullius laboratory on a model 
system using synthetic oligonucleotides to mimic hydroxyl radical damage sites (Bernard, 
2013). Preparation of samples for sequencing requires the presence of a double-strand 
break (DSB) at the cleavage site for ligation to sequencing adapters. In experiments with 
the model system, T7 endonuclease I and S1 nuclease were both found to cleave DNA 
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opposite the damage site, thereby converting the SSB to a DSB, allowing for end-repair 
and successful ligation to a sequencing adapter (Figure 1.3). T7 endonuclease I is a 
structure-selective enzyme known to cleave cruciform DNA structures and Holliday 
junctions, branched DNA intermediates important in DNA recombination and repair 
(Panayotatos and Fontaine, 1987; Déclais et al., 2003). These properties make the enzyme 
problematic for experiments with genomic DNA, as the genome is more structurally 
complex than simple linear oligonucleotides are. In early applications of OH-seq to the 
yeast Saccharomyces cerevisiae, using the T7 endonuclease I protocol, non-specific 
enzymatic cleavage accounted for the majority of the final signal seen in irradiated libraries 
prepared for sequencing (Bernard, 2013). The considerable background signal from 
experimental controls make T7 endonuclease I a poor choice for tagging hydroxyl radical 
cleavage sites in whole genomes. The other candidate, S1 nuclease, is a single-strand-
specific nuclease known to recognize single-stranded nucleic acids and cleave hairpin 
loops and double-stranded DNA at nicks, gaps, or mismatches (Vogt, 1973; Asakura et al., 
1985; Desai and Shankar, 2003). In S1 nuclease experiments with yeast genomic DNA, the 
amount of non-specific cleavage seen in controls was low compared to the signal in 
irradiated samples (Bernard, 2013), indicating that S1 nuclease is a better candidate for use 
in OH-seq.   
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Figure 1.3. Scheme for tagging gapped DNA for sequencing based on experiments with 
synthetic oligonucleotides (Bernard, 2013). Left: The gapped construct was treated with T7 
endonuclease I to convert the SSB to DSB. The enzyme was shown to yield 3ʹ recessed 
ends at the cleavage site. End-repair and A-tailing reactions were respectively carried out 
with DNA Polymerase I (Klenow) and Klenow fragment (3ʹ  5ʹ exonuclease minus) so 
that a sequencing adapter could be ligated to the damage site with T4 DNA ligase. Right: 
S1 nuclease was used to convert the SSB to DSB, generating the products shown. The 
presence of a one-nucleotide 3ʹ overhang product allowed for ligation to a sequencing 
adapter without additional end treatments.  
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1.4 Scope of this dissertation 
This dissertation describes the further development of OH-seq for application to 
whole genomes. To show that OH-seq can successfully map protein-DNA interactions, the 
technique was tested in vitro on a protein-DNA complex before being used in genome-
wide studies. Early studies with OH-seq focused on tagging SSBs from hydroxyl radical 
cleavage. In the experiments described here, efforts to tag DSBs and the corresponding 
results are discussed. OH-seq results are compared to those from studies that used other 
techniques to examine DNA structure and map protein-DNA interactions. Finally, for each 
system studied, limitations of OH-seq and suggestions for further optimization are 
discussed. 
Chapter 2 focuses on the development of OH-seq using the well-characterized λ 
repressor-OR1 complex. The λ repressor protein was expressed and purified for use in these 
experiments, and a plasmid containing the OR1 binding site was prepared. Protein-binding 
and hydroxyl radical reactions were carried out in vitro. To confirm that the purified λ 
repressor binds the OR1 sequence and shows the same cleavage pattern as reported in 
previous studies, primer extension analyses were carried out. Footprints obtained were 
consistent with results from previous studies, showing that λ repressor binds to one side of 
the DNA helix, using a helix-turn-helix motif (Tullius and Dombroski, 1986; Ottinger, 
1997; Ottinger and Tullius, 2000). Plasmid samples validated with primer extension were 
used in the preparation of sequencing libraries, in which SSBs or DSBs were tagged. S1 
nuclease digestion conditions were optimized for SSB libraries, while end-repair steps 
were carried out for DSB libraries; downstream sample processing steps successfully 
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enriched for DNA tagged with sequencing adapters. Libraries were sequenced on the 
Illumina MiSeq platform, and reads were aligned to the plasmid reference sequence. Plots 
of the signal difference between free and bound plasmid samples show footprints at the 
OR1 binding region similar to those seen from previous studies, and consistent with the co-
crystal structure of the complex, indicating that OH-seq can successfully map protein-DNA 
binding. 
Application of OH-seq to the human and S. cerevisiae genomes are described in 
Chapters 3 and 4, respectively. Human lymphoblastoid cells (GM12878) and yeast cells 
(BY4741) were γ-irradiated with a 60Co source to generate hydroxyl radicals in vivo. 
Samples were processed for preparation of sequencing libraries by tagging DSBs, using a 
protocol in which initial enzymatic treatments were carried out with the genomic DNA 
embedded in agarose. Libraries generated showed higher signals in irradiated samples 
compared to controls. Libraries were sequenced on the Illumina HiSeq platform and reads 
were aligned to the respective genome. Cleavage profiles across aggregated transcription 
start sites (TSS) and nucleosomes show high cleavage signal at promoter regions and 
highly periodic nucleosomal footprints, respectively, corresponding well with observations 
seen in ChIP, DNase, and MNase studies (Schones et al., 2008; Gaffney et al., 2012; 
Thurman et al., 2012). Marked OH-seq signals from non-irradiated samples and weak 
footprints at specific TF binding sites are addressed and accounted for, with suggestions 
proposed for future OH-seq experiments. These preliminary analyses show the potential of 
OH-seq for mapping genome-wide chromatin features and protein-DNA interactions in 
vivo.  
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Chapter 2: Development of OH-seq using a protein-plasmid complex 
2.1 Introduction 
The λ repressor protein is a key component of the genetic switch that enables 
bacteriophage λ to transition from lytic to lysogenic growth states (Ptashne, 1992). Its dual 
role as a transcriptional activator and repressor makes characterizing this protein and its 
interactions valuable for understanding mechanisms of gene regulation. The λ repressor, a 
236 amino acid protein that folds into two domains, dimerizes to bind to one side of the 
operator site in phage λ (Johnson et al., 1980; Beamer & Pabo, 1992; Tullius and 
Dombroski, 1986; Ottinger and Tullius, 2000). There are three tandem operator regions at 
each end of the λ chromosome: the right operator consists of the OR1, OR2, and OR3 sites; 
the left operator consists of the OL1, OL2, and OL3 sites. Each site is 17 base pairs long and 
differs in sequence, but shares a nearly identical consensus half-site (Ptashne, 1992). The 
λ repressor has higher intrinsic affinity for the OL1 and OR1 sites compared to the other 
regions. Upon binding to OR1, transcription of the cro operon is repressed. This operon is 
responsible for the expression of proteins needed for lytic phage growth. When λ repressor 
binds both OR1 and OR2, transcription is initiated at the promoter of the cI gene, inducing 
expression of λ repressor, required for maintaining lysogeny. Transcription of the cI gene 
is repressed when λ repressor binds to OR3. 
The interaction between λ repressor and the operator site has been characterized 
extensively using chemical and nuclease footprinting (Johnson et al., 1980; Tullius and 
Dombroski, 1986; Ottinger and Tullius, 2000), as well as x-ray crystallography (Beamer 
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& Pabo, 1992). Hydroxyl radical footprinting experiments on the λ repressor-OR1 complex 
give a detailed picture of how the protein binds to DNA. Conventional hydroxyl radical 
footprinting experiments using a linear, radiolabeled DNA fragment containing the OR1 
binding site, and iron(II)EDTA to generate hydroxyl radicals, show two strongly protected 
regions separated by a set of unprotected backbone deoxyriboses (Tullius and Dombroski, 
1986). Similar results are observed in primer extension footprinting experiments (Ottinger 
and Tullius, 2000). In these experiments, λ repressor binds to the OR1 site on a plasmid, 
and the complex is exposed to hydroxyl radicals in vitro or in vivo, using iron(II)EDTA 
and γ radiation, respectively. A radiolabeled primer is hybridized to the plasmid upstream 
of the binding site, and extended using a polymerase in the presence of deoxynucleoside 
triphosphates (dNTPs). When the polymerase encounters a gap or nick in the DNA from 
hydroxyl radical cleavage, primer extension stops. In the region where λ repressor binds, 
the DNA is protected from cleavage, and primer extension continues. The resulting set of 
radiolabeled, extended primers, resolved on a denaturing polyacrylamide gel, shows a 
footprint of λ repressor that is consistent with the contacts observed in the crystal structure 
of the repressor-operator complex. 
Co-crystal structures of λ repressor with the operator show the protein binding with 
approximate two-fold symmetry about the pseudo-dyad axis of the DNA site, using a helix-
turn-helix motif (Pabo and Lewis, 1986; Beamer and Pabo, 1992; Stayrook et al., 2008), a 
structural motif shared among a set of bacterial DNA-binding proteins (Pabo et al., 1990; 
Steitz, 1990). The repressor dimerizes at its C-terminal domain (CTD) and binds to DNA 
at its N-terminal domain (NTD), with one monomer interacting with each half-site of the 
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operator (Figure 2.1). The NTD, which plays a critical role in DNA recognition and binding, 
is composed of five α-helices and an extended structure of six residues known as the N-
terminal arm. One helix contacts the DNA backbone, while a second helix contacts the 
bases of the major groove (Beamer and Pabo, 1992). The N-terminal arm wraps around the 
consensus half-site of the operator DNA along the major groove, contacting base pairs near 
the center of the site. This detailed structural characterization of the λ repressor-operator 
complex makes this complex the ideal model system with which to validate the OH-seq 
method. 
Figure 2.1. Co-crystal structure of the λ repressor-OL1 complex (PDB: 1LMB) (Beamer 
and Pabo, 1992). The DNA backbone is depicted as a ribbon. Figure was created using 
PyMOL.  
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2.2 Experimental Design 
Previous hydroxyl radical footprinting experiments on the λ repressor-OR1 complex 
relied on the use of radiolabeled plasmid DNA, or radiolabeled primers, to reveal the 
protein binding sites on a denaturing polyacrylamide gel (Johnson et al., 1980; Tullius and 
Dombroski, 1986; Ottinger and Tullius, 2000). In in vitro primer extension footprinting 
studies, outlined in Figure 2.2, λ repressor is bound to plasmid DNA containing the 
operator site, and the complex is subsequently exposed to hydroxyl radicals generated from 
the Fenton reaction. The DNA is purified and subjected to a primer extension procedure, 
consisting of a single cycle of DNA denaturation, primer annealing, and primer elongation 
(Gralla, 1985). The primer used in the extension is enzymatically radiolabeled at the 5ʹ end 
with [γ-32P]ATP, and is designed to hybridize upstream of the OR1 site such that elongation 
occurs in the 5ʹ to 3ʹ direction. Two different primers are used in separate extension 
experiments in order to obtain footprints for both strands of the DNA. The action of a 
polymerase in the extension reaction produces radiolabeled fragments of varying lengths, 
as primer extension will halt upon encountering a hydroxyl radical cleavage site.  This set 
of fragments, when resolved on a gel, reveals the footprint.  
The OH-seq workflow for the λ repressor-OR1 complex is designed to map both 
single-strand breaks (SSBs) and double-strand breaks (DSBs) created from hydroxyl 
radical cleavage. In the sequencing library preparation for the former (Figure 2.3a), 
following protein-DNA binding and hydroxyl radical reactions, the purified DNA is 
subjected to S1 nuclease treatment. As shown in previous experiments with synthetic 
oligonucleotides, S1 nuclease cleaves opposite gapped sites on the DNA to generate 
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multiple products, one of which is a DSB with a one-nucleotide 3ʹ-hydroxyl overhang 
(Bernard, 2013). The presence of this overhang allows for ligation to a 3ʹ N-overhang 
biotinylated sequencing adapter (where N is adenine, thymine, guanine, or cytosine), thus 
tagging the position of hydroxyl radical cleavage. In library preparation for mapping DSBs 
(Figure 2.3b), the fragmented DNA is end-repaired and 3ʹ A-tailed, allowing for ligation 
to a 3ʹ T-overhang biotinylated adapter. Following adapter ligation, the DNA is sheared to 
smaller fragments by sonication. Fragments are then size-selected using AMPure XP beads. 
Adapter-ligated DNA is isolated using streptavidin beads and subsequently end-repaired 
and ligated to a second sequencing adapter. Fragments containing both adapters are 
enriched by PCR and purified for sequencing on the Illumina platform. 
Figure 2.2. Overview of the primer extension footprinting experiment. Supercoiled plasmid, 
in the absence and presence of a DNA binding protein, is exposed to hydroxyl radicals. 
Primer extension is carried out using a 5ʹ radiolabeled primer, which extends to each 
cleavage position. Primer-extended products are resolved on a denaturing polyacrylamide 
gel to reveal protected regions constituting the footprint.  
 
  
23 
Figure 2.3. OH-seq library preparation workflows for tagging (a) SSBs and (b) DSBs from 
hydroxyl radical cleavage.  
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2.3 Experimental Procedures 
λ repressor cloning, expression, and purification 
Cloning and expression of λ repressor were carried out using the Lucigen 
ExpressoTM system. This system allows for insertion of the gene into a pETite vector 
through recombination in the cell, as well as inducible expression from the bacteriophage 
T7 promoter. In preparation of the insert DNA for cloning, primers for the cI gene were 
designed with flanking sequences identical to the ones on the pETite C-His Kan vector. 
This vector contains 6 His anticodons on the reverse primer for addition of a 6xHis tag at 
the C-terminus. Primers used for amplification of the cI gene are shown below. The 
highlighted regions on the forward and reverse primers, respectively, denote codons 2-8, 
and sequences complementary to the last 7 codons of the gene. 
Fwd primer: 5ʹ GAAGGAGATATACATATGAGCACAAAAAAGAAACCATTA 3ʹ 
Rev primer: 5ʹ GTGATGGTGGTGATGATGGCCAAACGTCTCTTCAGGCCA 3ʹ 
PCR amplification of the cI gene was performed on a plasmid containing the gene, 
previously prepared in the Tullius lab (Ottinger, 1997). The reaction was set up as follows: 
1X ThermoPol reaction buffer (New England Biolabs), 2 mM MgSO4, 200 μM dNTPs, 0.5 
μM forward primer, 0.5 μM reverse primer, 10 ng plasmid, 1 unit Vent DNA polymerase 
(New England Biolabs), in a total reaction volume of 50 μL. The sample was subjected to 
an initial DNA denaturation step (2 min at 94 °C), 25 cycles of denaturation, primer 
annealing, and extension (15 sec, 94 °C; 15 sec, 55 °C; 1 min, 72 °C), and a final extension 
step (10 min, 72 °C). An aliquot of the amplified DNA was run on a 1.8% agarose gel to 
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verify the size and purity of the gene insert. The remaining sample was cleaned up using a 
QIAquick PCR purification spin column (Qiagen).  
To an aliquot of HI-Control 10G chemically competent cells (Lucigen), 25 ng of 
the pETite C-His vector and 100 ng of the purified cI gene insert were added. The cells and 
DNA were transferred to a 15 mL culture tube, incubated on ice for 30 min, and then 
subsequently placed in a 42 °C water bath for 45 sec. After an additional 2-min incubation 
on ice, 960 μL of Recovery Medium were added to the sample. The tube was placed in a 
shaking incubator set to 37 °C and 250 rpm. After an hr, 100 μL of cells were plated onto 
LB agar plates containing 30 μg/mL kanamycin. The plates were incubated overnight at 
37 °C. Single colonies were picked from the plates, added to culture tubes containing 5 mL 
of LB media and 30 μg/mL kanamycin, and placed in a shaking incubator (37 °C, 250 rpm) 
for 16 hr. Cells were harvested by centrifugation at 6,000 g for 15 min at 4 °C. Plasmid 
DNA from the cells was isolated and purified using a QIAprep Spin Miniprep column 
(Qiagen), and sent to GENEWIZ for sequencing using primers for the T7 promoter and 
terminator sites. Plasmids confirmed to contain the cI gene insert were used in subsequent 
expression studies. 
To an aliquot of BL21(DE3) HI-Control cells (Lucigen), 10 ng of the plasmid DNA 
were added. The cells and DNA were transferred to a culture tube and subjected to the 
same transformation protocol as detailed above. After a one hr incubation, 50 μL of cells 
were plated onto LB agar plates containing kanamycin. Plates were incubated overnight at 
37 °C. Starter cultures, prepared from single colonies added to culture tubes containing 5 
mL of LB media and 30 μg/mL kanamycin, were incubated at 37 °C, 250 rpm. Following 
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overnight incubation, 5 mL of starter culture was added to 1 L of LB containing kanamycin, 
and the culture was grown until it reached an optical density at 600 nm (OD600) of 0.6. 
Isopropyl β-D-1-thiogalactopyranoside (IPTG) was added to the culture at a final 
concentration of 1 mM to induce λ repressor expression. After an additional 5 hr of 
incubation, cells were harvested by centrifugation, the supernatant was removed, and the 
cell pellet was frozen overnight at -20 °C. Cells were thawed on ice and then resuspended 
in 20 mL of lysis buffer (50 mM Tris, 300 mM NaCl, 10 mM imidazole; pH 8). The cell 
suspension was transferred to a 50 mL conical tube and probe-tip sonicated on ice (6 bursts 
of 10-sec sonication, with 30-sec pauses between bursts). The cell extract was centrifuged 
at 2,000 g for 20 min at 4 °C to pellet insoluble material, and the lysate was filtered (0.2 
μm) into a 50 mL conical tube. An aliquot of the clarified lysate was saved for SDS-PAGE 
analysis. 
The 6xHis-tagged λ repressor protein was purified using cobalt affinity 
chromatography. TALON resin (Clontech) was resuspended and 10 mL were transferred 
to an Econo-Pac® chromatography column (Bio-Rad). The column was drained to allow 
the resin to pack, and then equilibrated with 20 bed volumes of lysis buffer. The clarified 
lysate was added to the column and the flow-through was collected. After the column was 
washed with 10 bed volumes of wash buffer (50 mM Tris, 300 mM NaCl, 20 mM imidazole; 
pH 8), 5 bed volumes of elution buffer (50 mM Tris, 300 M NaCl, 250 mM imidazole; pH 
8) were added to the column to elute the λ repressor in 3 mL fractions. Collected fractions 
were run on a 9% SDS-polyacrylamide gel, and those containing the purified λ repressor 
were pooled together. The protein sample was dialyzed overnight against λ repressor 
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storage buffer (10 mM Tris, 0.2 M KCl, 2 mM CaCl2, 0.1 mM EDTA, 0.1 mM DTT; pH 
8). Protein concentration was determined using a Bradford assay. Glycerol was added to 
the sample at a final concentration of 10% before storing the protein aliquots at -20 °C.  
λ Repressor-OR1 binding and hydroxyl radical reactions  
The DNA used in the λ repressor binding reactions is a pUC18 plasmid with the 
OR1 binding site (bold) cloned into the PstI restriction site (Ottinger, 1997): 
5ʹ ACCATTATCACCGCCAGAGGTAAAATATGCA 3ʹ (forward strand) 
3ʹ ACGTTGGTAATAGTGGCGGTCTCCATTTTAT 5ʹ (reverse strand)     
One Shot TOP10 chemically competent cells (Life Technologies) were transformed with 
the pUC18/OR1 plasmid according to the manufacturer’s protocol. Starter cultures were 
prepared from single colonies added to culture tubes containing 5 mL of LB media and 100 
μg/mL ampicillin, and incubated at 37 °C, 250 rpm. Following overnight incubation, 5 mL 
of starter culture were added to 1 L of LB containing ampicillin; the culture was grown 
until it reached an OD600 of 1. Cells were harvested by centrifugation (6,000 g, 15 min, 
4 °C). Plasmid DNA was isolated and purified using a Plasmid Plus Mega column (Qiagen). 
Plasmid samples were isopropanol precipitated according to the manufacturer’s protocol, 
and stored dried down at -20 °C.  
Protein-plasmid binding reactions were set up in microcentrifuge tubes containing 
1X binding buffer (10 mM Bis-Tris-HCl, pH 7; 2.5 mM MgCl2; 1 mM CaCl2; 200 mM 
KCl), 100 μg/mL BSA, and 1.5 μg of DNA. Stock aliquots of λ repressor were diluted in 
buffer (10 mM Tris, 0.1 mM EDTA, 200 mM KCl, 2 mM CaCl2; pH 8), and 5 μL of diluted 
protein were added to the tubes such that the final protein concentration was 250 nM. In 
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control samples without protein, dilution buffer was added instead. Binding reactions were 
carried out in a total volume of 30 μL at room temperature for 45 min. 
Reagents for hydroxyl radical reactions were freshly prepared from stock 30% 
H2O2, and frozen stocks of 1 M sodium ascorbate and 10 mM iron(II)/EDTA. To the 
binding reaction, 2 μL of each diluted reagent were spotted on the walls of the 
microcentrifuge tube, such that final concentrations of the reagents in the reaction were 
0.03% H2O2, 1 mM sodium ascorbate, and 150 μM iron(II)/300 μM EDTA. Hydroxyl 
radical reactions were initiated by flicking the tubes, allowing the reagents to mix and react 
with the plasmid-protein samples. After 1 min, reactions were quenched with 4 μL of 250 
mM thiourea. DNA was precipitated by adding 0.1X volume of 3 M sodium acetate (pH 
5.2) and 2.5X the sample volume of 100% ethanol. Samples from reactions with λ repressor 
were pooled together in one tube, while the same was done for control samples without λ 
repressor. Both sets of samples were incubated at -80 °C for 1 hr and centrifuged at 20,800 
g for 30 min. DNA pellets were washed twice with 200 μL of 70% ethanol, dried down in 
the Speedvac concentrator, and redissolved in 100 µL of 10 mM Tris-HCl (pH 8.5). 
Samples were further purified using QIAquick PCR purification spin columns (Qiagen). 
DNA was eluted in 100 µL of 10 mM Tris-HCl (pH 8.5), and quantified using the 
NanoDrop system.  
Primer extension experiments 
The oligonucleotides used for primer extension footprinting experiments were 
ordered from Integrated DNA Technologies (IDT) and redissolved in 10 mM Tris-HCl (pH 
8.5) to a final concentration of 100 μM: 
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5ʹ CTATGACCATGATTACGAAT 3ʹ (hybridizes to forward strand; denoted Primer C)  
5ʹ GTTTTCCCAGTCACGAC 3ʹ (hybridizes to reverse strand; denoted Primer L) 
In 5ʹ radiolabeling experiments, 1 nmol of primer was added to a microcentrifuge 
tube containing 1X T4 PNK reaction buffer (New England Biolabs), 13.2 pmol of [γ-
32P]ATP (3000 Ci/mmol; Perkin Elmer), and 20 units of T4 polynucleotide kinase (New 
England Biolabs), in a total reaction volume of 30 μL. The reaction mixture was incubated 
at 37 °C for 1 hr and then cleaned up using QIAquick Nucleotide Removal spin columns 
(Qiagen). The radiolabeled primer was eluted in 50 µL of 10 mM Tris-HCl (pH 8.5), dried 
down in the Speedvac concentrator, and redissolved in 10 µL of Gel Loading Buffer II 
(Ambion). Samples were denatured at 90 °C prior to loading on a 20% denaturing 
polyacrylamide gel that had pre-run for 1 hr at 25 W. The gel was run at 25 W (constant 
power) for 3 hr, cooled, removed from the gel plates, and wrapped in clear plastic wrap. 
The gel was briefly exposed to a phosphor screen in a cassette, and the screen was scanned 
using the Typhoon Trio imager. The resulting image was used as a guide to excise the 
radiolabeled primer from the gel. Excised pieces of gel were transferred to a 
microcentrifuge tube, crushed using a pipet tip, and soaked in 200 µL of 10 mM Tris-HCl 
(pH 8.5) overnight at 37 °C. The sample was then centrifuged at 15,000 g for 5 min to 
pellet the gel pieces. The supernatant was recovered and the radiolabeled DNA was 
precipitated by the addition of 10 μg of linear acrylamide (Ambion), 0.1X volume of 3 M 
sodium acetate (pH 5.2), and 2.5X volumes of 100% ethanol. The DNA pellet was washed 
twice with 200 µL of 70% ethanol, dried down in the Speedvac concentrator, and 
redissolved in 50 µL of 10 mM Tris-HCl (pH 8.5). 
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Primer extension reactions were carried out in thin-walled microcentrifuge tubes 
containing 1 µg of plasmid, 1X ThermoPol reaction buffer (New England Biolabs), 200 
µM dNTPs, 30 kcpm of either forward or reverse radiolabeled primer, and 2.5 units of Taq 
DNA polymerase (New England Biolabs), in total reaction volumes of 50 µL. The 
following thermocycling conditions were used: DNA denaturation at 90 °C for 5 min, 
primer annealing at 40.6 °C or 45 °C (respective annealing temperatures for Primers L and 
C) for 15 min, and primer extension at 72 °C for 10 min. The reaction was cleaned up using 
a QIAquick PCR Purification spin column (Qiagen) and the DNA was eluted in 50 µL of 
10 mM Tris-HCl (pH 8.5). The sample was dried down in the Speedvac concentrator, 
redissolved in 10 µL of Gel Loading Buffer II (Ambion), and denatured at 90 °C prior to 
loading on a 10% denaturing polyacrylamide gel that was pre-run for 1 hr at 55 W. The gel 
was run at 55 W (constant power) for 3 hr until the xylene cyanol dye was about 5 inches 
from the bottom of the plate. The gel was cooled down, removed from the gel plates, and 
sandwiched between a layer of clear plastic wrap and Whatman chromatography paper. 
After drying the gel for 1 hr under vacuum at 80 °C, the gel was exposed to a phosphor 
screen in a cassette overnight. The screen was scanned using the Typhoon Trio imager.  
Preparation of sequencing libraries tagging single-strand breaks 
In library preparations tagging SSBs from hydroxyl radical cleavage, the enzyme 
S1 nuclease was used to generate DSBs at gapped sites to facilitate ligation to a sequencing 
adapter (Figure 2.3a). S1 nuclease is a single-strand specific endonuclease that hydrolyzes 
single-stranded DNA or RNA into mono- or oligonucleotide fragments (Vogt, 1973). Early 
development of OH-seq, carried out in the Tullius laboratory on a model system, consisting 
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of synthetic oligonucleotides to mimic hydroxyl radical damage sites, showed that S1 
nuclease selectively cleaves DNA opposite the lesion, and that subsequent ligation to a 
sequencing adapter will tag the damage site (Bernard, 2013). According to these 
experiments, S1 nuclease cleavage at a gapped site primarily generates dsDNA with a one-
nucleotide 3ʹ-hydroxyl overhang, or a one-nucleotide 3ʹ-hydroxyl recessed end; a blunt-
ended product is present as a minor product. The presence of the one-nucleotide 3ʹ 
overhang product allows for direct ligation to a sequencing adapter, eliminating the need 
for any enzymatic end-repair treatments. 
S1 nuclease reactions were carried out on the purified plasmid following protein 
binding and hydroxyl radical cleavage. In these experiments, 1 µg of plasmid was treated 
with 0.5 units of S1 nuclease (Life Technologies) in 1X S1 nuclease reaction buffer (total 
reaction volume of 20 μL). Samples were incubated at room temperature for 30 min, and 
then cleaned up using QIAquick PCR purification spin columns (Qiagen). DNA was eluted 
in 30 µL of 10 mM Tris-HCl (pH 8.5). Samples were prepared for ligation by addition of 
1X T4 DNA ligase reaction buffer, 40 pmol of annealed 3ʹ N-overhang biotinylated adapter 
1, 100 µg/mL BSA, and 200 units of T4 DNA ligase (New England Biolabs), in final 
reaction volumes of 50 µL. Samples were incubated at 16 °C for 16 hr, cleaned up using 
spin columns, and the DNA was eluted in 100 µL of 10 mM Tris-HCl (pH 8.5). 
Following ligation to sequencing adapter 1, the purified DNA was sheared to 
smaller fragments by sonication on the Bioruptor system (Diagenode). Samples were 
placed in the instrument’s water bath, pre-chilled to 4 °C, and subjected to 20 cycles of 
sonication, with the parameters set to 30 sec “ON” and 30 sec “OFF.” The size distribution 
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of the sheared DNA was checked using an Agilent DNA 1000 chip on the Bioanalyzer. 
DNA fragments between 200 and 500 bp were isolated and purified using Agencourt 
AMPure XP beads (Beckman Coulter). Bead to DNA ratios were optimized for each lot of 
beads used. Beads were added to the DNA in a bead to DNA ratio volume of 1.2, and 
samples were incubated at room temperature for 20 min. Samples were placed on a 
magnetic stand for 5 min to separate the beads from the supernatant, and after discarding 
the latter, beads were washed twice with 200 µL of 80% ethanol. To elute DNA from the 
beads, 30 µL of 10 mM Tris-HCl (pH 8.5) were added. Samples were incubated at room 
temperature for 5 min and then placed on a magnetic stand. The supernatant from each 
sample was recovered and transferred to a microcentrifuge tube. DNA concentrations were 
determined using the NanoDrop.  
Dynabeads M-280 streptavidin beads (Life Technologies) were used to capture 
adapter-ligated DNA in preparation for downstream steps leading to library enrichment. 
For each library, 20 µL of beads were added to a microcentrifuge tube, and then placed on 
a magnetic stand to separate the beads from the supernatant. The supernatant was discarded 
and the beads were washed three times with 50 µL of 1X Bind & Wash buffer (5 mM Tris-
HCl, 0.5 mM EDTA, 1 M NaCl, pH 7.5). Beads were resuspended in 30 µL of 2X Bind & 
Wash buffer, and DNA was added to the suspension. Equal amounts of DNA were used 
for each sample in a round of library prep. The bead and DNA volume was adjusted to 60 
µL with water, and the mixture was incubated at room temperature for 45 min, with gentle 
agitation every 15 min. Samples were then placed on a magnetic stand, and the supernatant 
containing unbound DNA was discarded. Beads were washed twice with 100 µL of 1X 
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Bind & Wash buffer, and once with 100 µL of 10 mM Tris-HCl (pH 8.5). The last wash 
was removed and samples were set up for end-repair. 
End-repair reactions were carried out in 1X T4 PNK reaction buffer with 100 
µg/mL BSA, 200 µM dNTPs, 5 units of T4 polynucleotide kinase, 1.5 units of T4 DNA 
polymerase, and 0.5 µL of E. coli DNA ligase for Fragmentase (New England Biolabs), in 
total reaction volumes of 50 µL. Samples were incubated at 20 °C for 30 min and then 
placed on a magnetic stand. The supernatant was discarded and beads were washed as 
previously described. Samples were set up for the 3ʹ A-tailing reaction by addition of 1X 
NEBuffer 2, 200 µM dATPs, and 2.5 units of Klenow fragment (3ʹ5ʹ exonuclease minus) 
(New England Biolabs), to final reaction volumes of 50 µL. Reactions were carried out at 
37 °C for 30 min and then placed on a magnetic stand. The supernatant was discarded and 
beads were washed as previously described. To the beads, 1X T4 DNA ligase reaction 
buffer, 10 pmol of annealed 3ʹ T-overhang barcoded adapter 2, 100 µg/mL BSA, and 100 
units of T4 DNA ligase (New England Biolabs) were added. Reactions were brought to 50 
µL, incubated at 16 °C for 16 hr, and then placed on a magnetic stand for cleanup. After 
washing the beads as previously described, samples were set up for library amplification. 
PCR reactions for each library were set up using the following conditions: 1X 
Phusion HF buffer, 250 µM dNTPs, 0.5 µM primer for adapter 1, 0.5 µM primer for adapter 
2, and 2 μL of Phusion High-Fidelity DNA polymerase (New England Biolabs), in a total 
reaction volume of 200 µL. From this reaction mixture, 50 µL was aliquoted into four 0.2 
mL thin-walled PCR tubes. The following thermocycling conditions were used for library 
amplification: 30 sec at 98 °C; 18 cycles of 10 sec at 98 °C, 30 sec at 60 °C, 30 sec at 72 °C; 
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5 min at 72 °C. After PCR, aliquoted reactions were recombined in a 1.5 mL 
microcentrifuge tube and placed on a magnetic stand. The supernatant, containing the 
amplified DNA, was recovered and cleaned up using a QIAquick PCR purification spin 
column (Qiagen). DNA was eluted in 50 µL of 10 mM Tris-HCl (pH 8.5) and then further 
purified twice using Agencourt AMPure XP beads to remove adapter dimers. Beads were 
added to the DNA in a bead to DNA ratio volume of 1.2, and samples were processed as 
previously described. DNA eluted from the beads was loaded onto an Agilent DNA 1000 
Series chip and run on the Bioanalyzer to assess library quality.  
Preparation of sequencing libraries tagging double-strand breaks 
DSBs generated from hydroxyl radical cleavage need to be end-repaired and 3ʹ A-
tailed prior to ligation to a sequencing adapter (Figure 2.3b). DSB library preparations were 
carried out on the same purified plasmid used in primer extension experiments and SSB 
library preparations. For each DSB library, the end-repair reaction was set up in a 
microcentrifuge tube containing 1 µg of plasmid, 1X T4 PNK reaction buffer, 100 µg/mL 
BSA, 200 µM dNTPs, 10 units of T4 polynucleotide kinase, and 3 units of T4 DNA 
polymerase (New England Biolabs), in a total reaction volume of 50 µL. Reactions were 
carried out at 20 °C for 30 min and then cleaned up using QIAquick PCR purification spin 
columns (Qiagen). DNA was eluted in 30 µL of 10 mM Tris-HCl (pH 8.5) and set up for 
3ʹ A-tailing by addition of 1X NEBuffer 2, 200 µM dATPs, and 5 units of Klenow fragment 
(3ʹ5ʹ exonuclease minus) (New England Biolabs), to a final reaction volume of 50 µL. 
Samples were incubated at 37 °C for 30 min and then cleaned up using spin columns. To 
the eluted DNA for each sample, 1X T4 DNA ligase reaction buffer, 40 pmol of annealed 
  
35 
3ʹ T-overhang biotinylated adapter 1, 100 µg/mL BSA, and 200 units of T4 DNA ligase 
(New England Biolabs) were added to a final reaction volume of 50 µL. Ligation reactions 
were carried out at 16 °C for 16 hr, cleaned up using spin columns, and DNA was eluted 
in 100 µL of 10 mM Tris-HCl (pH 8.5). Samples were then processed similarly to SSB 
libraries in downstream steps for library enrichment.   
2.4 Results 
λ repressor purification 
The λ repressor protein, containing a C-terminal 6xHis tag, was expressed and 
purified using cobalt affinity chromatography. Fractions collected during protein 
purification were analyzed using SDS-PAGE (Figure 2.4). In the gel lane corresponding to 
the lysate fraction, a thick band is present around 25 kDa, which corresponds to where the 
overexpressed λ repressor (27.2 kDa) would be expected. Flow-through fractions, collected 
after loading the lysate on the chromatography column, show the presence of proteins seen 
in the lysate, and a noticeable absence of λ repressor. The protein of interest started eluting 
in the wash steps, as indicated by the thick bands around 25 kDa in the wash fractions 
resolved on the gel. Later wash and elution fractions show largely pure λ repressor. The 
cleanest 10 mL fractions were pooled together and processed as described above. The 
concentration of dimer λ repressor was determined to be 30 µM using a Bradford assay.  
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Figure 2.4. SDS-PAGE analysis of fractions collected during purification of λ repressor. L 
denotes the protein size-standard ladder. The lysate fraction is labeled Ly. Flow-through, 
wash, and elution fractions collected from affinity chromatography are respectively labeled 
with F, W, and E.  
Primer extension footprinting analyses 
The pUC18/OR1 plasmid was treated with hydroxyl radicals in the absence and 
presence of λ repressor protein, and then subjected to primer extension using primers that 
hybridize to the forward and reverse strands upstream of the binding site. As binding of 
repressor to the OR1 site decreases accessibility of the DNA region to hydroxyl radicals, 
fewer cleavage products, and correspondingly, fewer radiolabeled primer-extended 
fragments, are generated in this region. When plasmid samples are resolved on a denaturing 
polyacrylamide gel, the reduced band intensities at the binding region for the plasmid-
protein sample constitute the footprint. The gel from a primer extension experiment 
(replicate 1) is shown, with footprint regions denoted (Figure 2.5). 
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Figure 2.5. Denaturing PAGE analysis of primer extension products for forward and 
reverse strands of free (P) and bound pUC18/OR1 (P + λ) plasmid samples. As primer 
extended fragments reflect cleavage positions on the complementary strand, lanes are 
designated to reflect this. Hydroxyl radicals were generated from the modified Fenton 
reaction. A 50 bp ladder was 5ʹ radiolabeled to serve as markers (L). Footprint regions are 
indicated by the red bars.  
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Footprint analysis was carried out using two different methods. Band intensities 
were first plotted with respect to distance along the gel lane, using data exported from the 
gel imaging software, ImageJ. Since primer-extended products on the gel reflect where 
strand breaks occurred on the complementary strand of the plasmid, peaks were assigned 
with the respective nucleotides of the corresponding complementary strand. Data points 
for nucleotides outside of the binding region were used to normalize the signal between the 
two samples, free and bound plasmid, accordingly: the sum of intensities from data points 
constituting five consecutive peaks (bands) in the free plasmid lane were divided by the 
sum of intensities for corresponding peaks in the bound plasmid lane; this value was used 
as a normalization factor and was multiplied by the intensities for the bound plasmid. The 
second analysis was carried out using semi-automated footprinting analysis (SAFA) 
software. SAFA integrates peak areas by fitting distinct Lorentzian functions to assigned 
bands, varying parameters to account for the “tailing” and broadening of bands from 
electrophoresis (Das et al., 2005). The integrated intensities between free and bound 
plasmid samples were normalized as described above, and then converted to fractional 
protection (pi) according to the following equation (Shadle et al., 1997): pi = 1 −
B(𝑛)
F(𝑛)
 , 
where B(n) is the normalized intensity of nucleotide n in the plasmid-protein sample, and 
F(n) is the intensity of nucleotide n in the free plasmid sample.  
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Figure 2.6. Band intensity traces from primer extension analysis of hydroxyl radical 
cleavage of free and bound pUC18/OR1 plasmid. Overlapping cleavage profiles shows 
three protected regions, (a) A, B, C on the forward strand; (b) Aʹ, Bʹ, Cʹ on the reverse 
strand.  
Three regions of protection, denoted A, B, C on the forward strand, and Aʹ, Bʹ, Cʹ 
on the reverse strand, are observed in primer extension analyses. Footprints A, Aʹ and B, 
Bʹ correspond, respectively, to regions near the center and at the ends of the OR1 site. C, 
Cʹ correspond to regions beyond the operator sequence. Plots tracing band intensity at each 
nucleotide for free and bound plasmid samples (replicate 1) were generated using the first 
gel analysis approach. On the forward strand, footprints A, B, and C are observed at 
sequences 5ʹ GCCAGAG 3ʹ, 5ʹ ATTAT 3ʹ, and 5ʹ AATA 3ʹ (Figure 2.6a). These footprints 
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reflect across the pseudo-dyad axis of the binding site to give corresponding footprints Aʹ, 
Bʹ, and Cʹ at 3ʹ TGGCGG 5ʹ, 3ʹ CATTT 5ʹ, and 3ʹ TTGGT 5ʹ (Figure 2.6b).  
Plots of fractional protection at each nucleotide position, generated using the more 
quantitative SAFA approach, similarly show three regions of protection. On the forward 
strand, footprints A and B are respectively at 5ʹ CGCCAGA 3ʹ and 5ʹ ATTAT 3ʹ; a third 
region of weaker protection corresponding to C is seen at 5ʹ AATA 3ʹ (Figure 2.7a). On 
the reverse strand, Aʹ, Bʹ, and Cʹ are observed at 3ʹ GTGGCGGT 5ʹ, 3ʹ TCCATTTTA 5ʹ, 
and 3ʹ TTGGT 5ʹ (Figure 2.7b). Interestingly, Bʹ is broader than seen in previous 
experiments (Ottinger, 1997). Footprints observed on both strands largely agree with the 
results from previous hydroxyl radical and primer extension experiments (Ottinger, 1997; 
Ottinger and Tullius, 2000), although footprints C and Cʹ were not as clear in those studies. 
Results for samples from replicate 2 are described in subsequent sections. 
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Figure 2.7. Plots showing SAFA-derived footprints of the λ repressor-OR1 complex from 
primer extension experiments. Peak integrals at each position for free and bound plasmid 
were normalized and converted to fractional protection as described in the text. Footprints 
A, B, C and Aʹ, Bʹ, Cʹ are respectively marked for the (a) forward and (b) reverse strands. 
OH-seq results for libraries tagging single-strand breaks 
In the first step towards preparing libraries tagging SSBs, the pUC18/OR1 plasmid 
was treated with S1 nuclease after protein-binding and hydroxyl radical reactions. The 
enzyme cleaves at gapped and nicked sites on the plasmid, generating dsDNA products. 
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Gel analysis of S1 nuclease reactions with the plasmid shows the extent of nuclease 
cleavage (Figure 2.8). Two bands are seen in the controls, corresponding to relaxed DNA 
(running between 3-4 kb markers) and linear DNA (2717 bp). These bands are products of 
the hydroxyl radical reaction, with relaxed DNA containing SSBs, and linear DNA 
containing both SSBs and DSBs. S1 nuclease cleavage at SSBs creates more dsDNA 
fragments, as indicated by a decrease in the band intensity of relaxed DNA, and the 
presence of DNA fragments smearing from 2717 bp and below. Based on these sets of S1 
nuclease reactions and to avoid possible over-cutting with the enzyme, a 30-minute 
reaction time was used for the plasmid samples in library preparation. 
 
Figure 2.8. Ethidium bromide-
stained agarose gel showing the 
products of S1 nuclease 
treatment of free and bound 
plasmid following hydroxyl 
radical reactions. L denotes the 
1 kb DNA ladder. The two 
bands observed in sample lanes 
correspond to relaxed (~3.5 kb) 
and linear (~2.7 kb) forms of the 
plasmid. For S1 nuclease 
reactions, 0.5 units of the 
enzyme were used.   
Following S1 nuclease treatment, the DNA was ligated to sequencing adapter 1 (N-
overhang) and then sheared and size-selected for fragments 200-500 bp long, the optimal 
insert sizes for sequencing on the Illumina platform. Size distribution post-sonication was 
checked using the Bioanalyzer. Unligated adapters were removed using AMPure XP beads. 
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Sheared human genomic DNA was used to determine the appropriate bead to DNA ratio 
volume to use. As this ratio decreases, the size cutoff of DNA eluting from the beads 
increases. A bead to DNA ratio volume of 1.2 was selected for this particular lot of beads, 
since at this ratio, DNA fragments smaller than 200 bp (including any unligated adapters) 
are removed (Figure 2.9). 
Figure 2.9. Ethidium bromide-stained agarose gels showing the results from size-selection 
of sheared human genomic DNA using AMPure XP beads. As bead to DNA ratio volume 
decreases, the size cutoff of DNA fragments that elute from the beads increases. L denotes 
the 50 bp DNA ladder.  
After DNA fragmentation and size-selection, libraries were enriched using several 
additional steps. Streptavidin beads were used to select for DNA ligated to biotinylated 
sequencing adapter 1. DNA was end-repaired and A-tailed for ligation to barcoded 
sequencing adapter 2, and fragments containing both adapters 1 and 2 were enriched using 
PCR amplification. PCR reactions were cleaned up and adapter dimers were removed using 
AMPure XP beads. Libraries were run on the Bioanalyzer for quality assessment. 
Electropherograms of the final libraries show clear signals in the 200-700 bp region, 
indicating that library enrichment was successful across replicates (Figure 2.10). Each 
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sample was brought to a final concentration of 10 nM and then sent out for paired-end 
sequencing on the Illumina MiSeq platform.  
Figure 2.10. Electropherograms generated on the Bioanalyzer, showing the size and signal 
distribution of PCR-amplified libraries tagging SSBs in plasmid samples.  
Processing of raw data was carried out by Dr. Stephen C.J. Parker. Paired-end reads 
were aligned to the plasmid reference sequence, and the number of reads at each nucleotide 
3ʹ-adjacent to the “N” position on Read 1 was recorded. As this “N” position, extended 
from sequencing adapter 1, marks the position of the DNA strand break and the site of 
hydroxyl radical cleavage, tags actually need to be shifted one nucleotide in the 5ʹ direction 
to accurately reflect the number of cleavage counts at each position (Figure 2.11). In the 
first step of data analysis, duplicate reads were removed. Corrected counts were then 
shifted one position in the 5ʹ direction and normalized by the total number of counts for 
each sample to account for sequencing depth variations. From the normalized data, two 
types of plots were generated for analyzing sequencing results. The normalized OH-seq 
signal at each nucleotide position was plotted to reflect the cleavage pattern across the λ 
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repressor binding region on both forward and reverse strands. As binding of repressor to 
the OR1 site protects that region from hydroxyl radical cleavage, fewer tags are expected 
in that region for the bound plasmid sample, compared to the free plasmid sample. The 
difference in signal between free and bound plasmid samples at each nucleotide position 
was also plotted to highlight the footprints, and for comparison to primer extension results.  
Figure 2.11. Paired-end sequencing of libraries generates reads from adapter 1 (green) and 
adapter 2 (pink). The frequency of tags from position “N1” extending from the Read 1 
sequencing primer (SP) is recorded. To reflect the site of hydroxyl radical cleavage 
(position “N”), counts are shifted one nucleotide in the 5ʹ direction.  
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Figure 2.12. Plot of normalized SSB OH-seq signals across the reverse strand of the 
plasmid (2717 bp) shows that full sequencing coverage is obtained from libraries tagging 
SSBs.  
Plots of normalized OH-seq signals across the plasmid sequence show several 
notable features. The first is that full sequence coverage is obtained using OH-seq (Figure 
2.12). Secondly, signal patterns among sample replicates are highly consistent. Plots 
zooming in to a 200 bp region, located away from the protein binding site, show that the 
periodicity of the cleavage pattern is similar between free plasmid samples, bound plasmid 
samples, and even between free and bound plasmid samples (Figure 2.13). This consistency 
among samples shows that libraries tagging SSBs in DNA with OH-seq are highly 
reproducible. Plots of normalized cleavage counts for the 100 bp around the repressor 
binding region again reflect this reproducibility, showing highly similar cleavage profiles, 
with subtle differences in signal observed between free and bound plasmid samples at the 
OR1 site. These differences are seen around nucleotide positions 425-435 on the forward 
strand (Figure 2.14a), and 424-431 on the reverse strand (Figure 2.14b), regions 
respectively corresponding to footprints A and Aʹ. The other two protected regions are not 
seen on either strand from these plots. 
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Figure 2.13. Plots of normalized SSB OH-seq signals across a 200 bp region outside the 
OR1 binding site show similar cleavage profiles among replicates on the forward and 
reverse strands of the plasmid. 
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Figure 2.14. Plots of normalized SSB OH-seq signals across the 100 bp region 
encompassing the OR1 binding site show similar cleavage profiles, with subtle differences 
around positions (a) 425-435 on the forward strand, and (b) 424-431 on the reverse strand.  
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The difference in OH-seq signal between free and bound plasmid samples was 
plotted alongside SAFA results from primer extension experiments to reveal protected 
regions along a 75 bp region encompassing the OR1 site. Fractional protection values at 
each nucleotide were divided by a fixed value so as to fit on the same scale as the signal 
from sequencing experiments. The plot for the forward strand shows strongest protection 
at regions corresponding to 5ʹ CCGCCAGAGG 3ʹ (replicate 1) and 5ʹ CGCCAGAG 3ʹ 
(replicate 2) (Figure 2.15a). Clusters of weaker protection are seen around this region, such 
as at 5ʹ AATATG 3ʹ for replicate 1, and 5ʹ ATCA 3ʹ and 5ʹ AAAA 3 ʹ for replicate 2. While 
the regions showing the strongest protection coincide with the main footprint (A) seen in 
primer extension analyses (5ʹ CGCCAGA 3ʹ), those at the clusters of weaker signal don’t 
agree well with footprints B and C seen from primer extension (5ʹ ATTAT 3ʹ and 5ʹ AATA 
3ʹ). Compared to primer extension results, protection seen from sequencing replicate 1 
includes an extra nucleotide on each side of footprint A and covers two extra nucleotides 
in the 3ʹ direction of footprint C. Footprint B is not clear from the plot. As primer extension 
results are not available for the forward strand from replicate 2, sequencing results are 
compared to those from replicate 1. Footprint A from replicate 2 contains an extra 
nucleotide in the 3ʹ direction; B is truncated and shifted 4 nucleotides in the 3ʹ direction, 
while C is shifted 3 nucleotides in the 5ʹ direction.  
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Figure 2.15. Plots showing SSB OH-seq and corresponding SAFA-derived footprints of 
the λ repressor-OR1 complex on the (a) forward and (b) reverse strands of the plasmid. 
Normalized OH-seq signal values for bound plasmid were subtracted from those for free 
plasmid to yield the normalized protection signal. Fractional protection values from primer 
extension analysis using SAFA were divided by a fixed value so as to fit on the same scale 
as the OH-seq results. Primer extension results for the forward strand of samples from 
replicate 2 are not available. The region shown covers 75 bp encompassing the OR1 binding 
site. The overlap between SSB OH-seq and SAFA results is strongest near the center of the 
binding site, corresponding to where footprints A, Aʹ are located. 
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Similar plots for the reverse strand also highlight the main footprint (Aʹ) near the 
pseudo-dyad axis of the operator sequence, but are more ambiguous at the other two 
expected footprint regions (Figure 2.15b). Strongest protection is seen at 3ʹ GTGGCG 5ʹ 
(replicate 1) and 3ʹ TGGCGGTC 5ʹ (replicate 2). Signal differences outside of this main 
footprint are more scattered, making it difficult to pinpoint the other footprints, although 
some protection can be seen at 3ʹ CATT 5ʹ and 3ʹ GTA 5ʹ for replicate 2. Sequences for 
footprint Aʹ correspond well with those seen in primer extension analyses (3ʹ GTGGCGGT 
5ʹ for replicate 1 and 3ʹ TGGCGGTC 5ʹ for replicate 2), but not with the other footprints 
(3ʹ TCCATTTTA 5ʹ and 3ʹ TTGGT 5ʹ for replicate 1; 3ʹ CCATTTT 5ʹ and 3ʹ TGGTA 5ʹ 
for replicate 2). Compared to the respective primer extension results, Aʹ seen from 
sequencing replicate 1 is truncated by 2 nucleotides at the 3ʹ end, while that from replicate 
2 matches the footprint sequence, but shows diminished signal at 2 positions within the 
region. Bʹ and Cʹ are not noticeable in sequencing results for replicate 1, but are subtle in 
those for replicate 2; both of these are also truncated compared to those from primer 
extension studies.  
Although footprints in these initial experiments show some deviations from those 
seen in corresponding primer extension studies and in previous footprinting studies, the 
overlap at footprints A, Aʹ is promising. Several points need to be considered when 
evaluating OH-seq results for libraries tagging SSBs. Firstly, although datasets were 
normalized to account for sequencing depth, additional data processing, such as GC bias 
correction and statistical analysis, are still required. GC bias correction accounts for any 
uneven sequencing coverage found at GC-rich and GC-poor regions, an issue which arises 
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during library amplification, cluster generation, and sequencing steps (Aird et al., 2011). 
As this bias is not consistent between samples, even from repeated experiments, it is 
important to correct for any coverage bias when analyzing data (Benjamini and Speed, 
2012). Statistical analysis to determine the variance at nucleotide positions will show 
whether there are significant differences in signal within and away from the protein binding 
region across replicates, and will thus verify the footprints observed. 
Additional factors that account for footprint deviations seen in OH-seq results stem 
from experimental steps in library preparation that need to be further examined and 
optimized. As previously mentioned, the predominant products from S1 nuclease cleavage 
at a gapped site are dsDNA with a one-nucleotide 3ʹ overhang and dsDNA with a one-
nucleotide 3ʹ recessed end; a blunt-ended fragment is seen as a minor product. Experiments 
with a nicked DNA construct showed that S1 nuclease cleaves at the nicked site to 
primarily generate a blunt-ended fragment; minor products from these experiments are 
fragments with one- or two-nucleotide 3ʹ recessed ends (Bernard, 2013). In the current 
experimental setup for tagging SSBs, ligation to sequencing adapter 1 occurs immediately 
after S1 nuclease treatment. Adapter 1 has a 3ʹ N-overhang, which can ligate to fragments 
with a one-nucleotide 3ʹ overhang. Therefore, only a subset of S1 nuclease cleavage 
products is captured and processed for sequencing library preparation. End-repair reactions 
were originally omitted in the workflow to minimize the amount of background signal that 
comes from additional enzymatic reactions (Bernard, 2013). However, since performing 
end-repair steps after S1 nuclease treatment will facilitate ligation of more cleavage 
products, this modification to the workflow should be further examined. Even with end-
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repair steps included, libraries will still be restricted to only those products generated from 
nuclease cleavage at gapped sites. As mentioned in Chapter 1, the main products from 
hydroxyl radical cleavage are a gap with 3ʹ- and 5ʹ-phosphate groups, a gap with 3ʹ-
phosphoglycolate and 5ʹ-phosphate groups, and a nick with 3ʹ-phosphate and 5ʹ-aldehyde 
groups. Since ligation of dsDNA requires 3ʹ-hydroxyl and 5ʹ-phosphate ends, fragments 
that are suitable for ligation are limited to gapped DNA products from hydroxyl radical 
cleavage. According to electrophoresis and kinetic isotope effect experiments, these 
products constitute about 50% of the SSB products (Balasubramanian et al., 1998; Guo and 
Tullius, 2003). In order to tag DNA fragments with a 5ʹ-aldehyde for sequencing, the 
aldehyde needs to be reduced to an alcohol and then converted to a 5ʹ-phosphate. These 
experiments should be carried out on an isolated aldehyde product, possibly using a short 
oligonucleotide with a 5ʹ-aldehyde terminus prepared as described by Sugiyama et al. 
(1992) and Chan et al. (2010). Since only about half of the hydroxyl radical SSB products 
are carried through S1 nuclease treatment, and only a portion of those products are carried 
through library preparation, footprints from sequencing results reflect a fraction of the 
signal expected from the original samples. Finally, OH-seq footprints deviate slightly from 
primer extension ones because while OH-seq tags the exact position of hydroxyl radical 
cleavage, primer extension does not. In primer extension experiments, primer extended 
products of the same length can arise from a template with 5ʹ-phosphate or 5ʹ-aldehyde 
ends, even though these termini result from hydrogen abstraction at adjacent nucleotides 
on the DNA. When compared to conventional footprinting results, primer extension 
footprints show a nucleotide shift (Ottinger, 1997). Since OH-seq specifically tags 5ʹ-
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phosphate end-products and counts are shifted accordingly, some differences from primer 
extension footprints are expected. 
OH-seq results for libraries tagging double-strand breaks 
In library preparation for tagging DSBs, plasmid samples were end-repaired and A-
tailed prior to ligation to sequencing adapter 1 (T-overhang), and then processed similarly 
to samples for SSB library preparation. Final libraries were run on the Bioanalyzer for 
quality assessment. As with SSB libraries, electropherograms of the final DSB libraries 
show clear signals in the 200-700 bp region, indicating that library enrichment was 
successful (Figure 2.16). Each library was brought to a final concentration of 10 nM and 
sequenced, as the SSB libraries, were on the Illumina MiSeq platform. 
Figure 2.16. Electropherograms generated on the Bioanalyzer, showing the size and signal 
distribution of PCR-amplified libraries tagging DSBs in plasmid samples.  
Sequencing data for libraries tagging DSBs were processed as described for 
libraries tagging SSBs. Paired-end reads were aligned to the plasmid reference sequence, 
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and the number of reads at each nucleotide 3ʹ adjacent to the first “T” added on Read 1 was 
recorded. Duplicate reads were removed and corrected counts were shifted one nucleotide 
in the 5ʹ direction to reflect the site of hydroxyl radical cleavage. Datasets were normalized 
for sequencing depth by dividing the number of counts at each position by the total counts 
of the corresponding strand in each sample. For forward and reverse strands of the plasmid, 
plots were generated to show the normalized OH-seq signal, and the signal difference (free 
minus bound), at each nucleotide position. 
Figure 2.17. Plots of normalized DSB OH-seq signals across a 200 bp region outside the 
OR1 binding site show similar cleavage profiles between samples from replicate 1, while 
variations are seen for samples from replicate 2.   
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Plots of normalized OH-seq signals across the plasmid sequence show that with the 
exception of one sample, signal patterns among replicates are fairly consistent. Plots of the 
200 bp region examined for SSB results show a similar periodicity in the cleavage pattern 
between free and bound plasmid samples from replicate 1, while variations are seen for 
those from replicate 2 (Figure 2.17). In particular, the cleavage profile for the bound 
plasmid sample from replicate 2 appears erratic, and these deviations are even more 
apparent in plots focusing on the 100 bp stretch of sequence around the λ repressor binding 
region. Cleavage profiles for free and bound samples from replicate 1 overlap outside the 
binding region on the forward strand, with clear signal differences at nucleotide positions 
420-440, where footprint A is expected, and around 450-470, where footprint C is expected 
(Figure 2.18a). Footprints are more ambiguous when examining the same region for 
samples from replicate 2 because the cleavage profile for the bound sample is not as 
consistent, with the signal seen to sporadically peak much higher than is observed for other 
samples. Even with this observation, signal differences around positions 420-435 suggest 
that the main footprint is still detectable. On the reverse strand, large signal differences 
between samples from replicate 1 are seen around positions 425-435, with smaller 
differences corresponding to the other two footprints seen around 414-424 and 437-442 
(Figure 2.18b). For samples from replicate 2, the cleavage profile is once again erratic 
compared to the other samples, but signal differences are observed around positions 425-
433, where footprint Aʹ is expected. The other two regions of protection are not clear.  
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Figure 2.18. Plots of normalized DSB OH-seq signals across the 100 bp region 
encompassing the OR1 binding site show differences between free and bound plasmid 
around positions (a) 420-475 on the forward strand, and (b) 400-445 on the reverse strand 
for samples from replicate 1. Differences between samples from replicate 2 are unclear, as 
the profile for the bound plasmid shows sporadic spikes in signal across the region.  
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The difference in OH-seq signal in a 75 bp region encompassing the repressor 
binding region was plotted alongside SAFA results from primer extension experiments. As 
described for the analysis of sequencing results for SSB libraries, fractional protection 
values were scaled to fit on the same plot. The plot for the forward strand shows footprints 
A, B, C at 5ʹ CCGCCAGA 3ʹ, 5ʹ ATTATC 3ʹ, and 5ʹ AAATATGCA 3ʹ for replicate 1, and 
footprints A and B at 5ʹ CAGAG 3ʹ and 5ʹ ATTATC 3ʹ for replicate 2 (Figure 2.19a). 
Footprints A and B for replicate 1 agree well with the footprints seen in corresponding 
primer extension analyses (5ʹ CGCCAGA 3ʹ and 5ʹ ATTAT 3ʹ), albeit protection is 
observed at an extra nucleotide in the 5ʹ direction of A, and in the 3ʹ direction of B. 
Footprint C obtained from sequencing results is broader than that obtained from primer 
extension (5ʹ AATA 3ʹ), encompassing an additional nucleotide in the 5ʹ direction and four 
extra nucleotides in the 3ʹ direction. The sequence corresponding to footprint A for 
replicate 2 is truncated, while the sequence at B is the same as the one seen for replicate 1. 
Footprint C isn’t clearly seen for replicate 2, although there are two positions within that 
expected region where the signal difference is as high as those observed at the main 
footprint. 
On the reverse strand, both replicates show footprints Aʹ similar to the ones seen in 
corresponding primer extension analyses; Bʹ is pronounced only for replicate 1, and 
footprints Cʹ are not as clear (Figure 2.19b). Footprints are seen at 3ʹ TGGCGGT 5ʹ and 3ʹ 
CTCCATTTT 5ʹ for replicate 1, which overlap well with the protected regions observed in 
primer extension analysis (3ʹ GTGGCGGT 5ʹ and 3ʹ TCCATTTTA 5ʹ). In the sequencing 
analysis, Aʹ is truncated by one nucleotide on the 3ʹ end, while Bʹ is shifted one position in 
  
59 
the 3ʹ direction. Footprints Aʹ and Bʹ seen, respectively, at 3ʹ TGGCGGT 5ʹ and 3ʹ TTT 5ʹ 
for replicate 2, are truncated forms of the protected regions seen in primer extension 
analysis (3ʹ GTGGCGGTC 5ʹ and 3ʹ CCATTTT 5ʹ). Signal differences indicative of 
protection from hydroxyl radical cleavage in bound samples are seen around the region 
where footprint Cʹ is expected, but these signals are incoherent and weak. For instance, a 
footprint appears to be present at 3ʹ GTAATA 5ʹ in the sequencing results for replicate 1, 
but in the 3ʹ direction, additional signal peaks are seen every 1-2 nucleotides. In the results 
for replicate 2, a cluster of peaks is present at 3ʹ TTGGT 5ʹ, but the signals are on par with 
those seen outside the repressor binding region.  
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Figure 2.19. Plots showing DSB OH-seq and corresponding SAFA-derived footprints of 
the λ repressor-OR1 complex on the (a) forward and (b) reverse strands of the plasmid. 
Normalized OH-seq signal values for bound plasmid were subtracted from those for free 
plasmid to yield the normalized protection signal. Fractional protection values from primer 
extension analysis using SAFA were divided by a fixed value so as to fit on the same scale 
as the OH-seq results. Primer extension results for the forward strand of samples from 
replicate 2 are not available. The region shown covers 75 bp encompassing the OR1 binding 
site. Agreement between the DSB OH-seq and SAFA experiments is seen near the center 
and at the edge (5ʹ side) of the binding site, respectively corresponding to where footprints 
A, Aʹ and B, Bʹ are located. 
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As discussed in the section accounting for discrepancies and weak footprints seen 
in SSB sequencing results, incomplete data post-processing steps and experimental factors 
may similarly affect DSB sequencing results. There are also additional issues specific to 
sequencing results for DSB libraries and the OH-seq workflow for mapping DSBs. Firstly, 
the noisier signal in the bound plasmid sample from replicate 2 contributed to the 
apparently weaker protection seen at expected footprint regions. It is unclear why the signal 
seen for this bound sample is noisier, especially since the cleavage profile for its SSB 
library counterpart is consistent with those of the other plasmid samples. Secondly, in the 
scheme outlining the protocol for tagging DSBs, only dsDNA with 3ʹ-phosphate and 5ʹ-
phosphate ends can be ligated to sequencing adapter 1, with the 5ʹ-phosphate damage site 
being the only hydroxyl radical cleavage product that gets tagged and counted (Figure 2.3b). 
Information regarding the site of the other break is not obtained because end-repair 
reactions alter the 3ʹ end of dsDNA. Specifically, in the first step of library preparation, T4 
polynucleotide kinase catalyzes phosphorylation at 5ʹ-hydroxyl ends and 
dephosphorylation at 3ʹ-phosphate ends, yielding 5ʹ-phosphate and 3ʹ-hydroxyl ends. The 
enzyme cannot phosphorylate 5ʹ-aldehyde groups or dephosphorylate 3ʹ-phosphoglycolate 
groups (Henner et al., 1983), leaving these hydroxyl radical cleavage products unmodified 
during library preparation. T4 DNA polymerase subsequently reacts at the 3ʹ-hydroxyl end 
of dsDNA to either fill in recessed ends, or remove overhangs so as to generate blunt-ended 
DNA. This modification at the 3ʹ-hydroxyl group, which was originally the 3ʹ-phosphate 
product of hydroxyl radical damage, eliminates any information regarding the identity of 
the nucleotide at the cleavage site. Therefore, subsequent 3ʹ A-tailing at the hydroxyl end 
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and ligation to sequencing adapter 1 tag only the 5ʹ-phosphate position of the DSB created 
from hydroxyl radical cleavage. In order to tag DSB fragments with 5ʹ-phosphate and 3ʹ-
phosphoglycolate ends, additional experiments using a nuclease or phosphodiesterase to 
remove the phosphoglycolate group are required. These treatments will leave a 3ʹ-hydroxyl 
end that can be repaired and A-tailed. Additionally, DSB fragments containing 5ʹ-aldehyde 
ends must be modified as outlined in the discussion section for SSB library results. 
Interestingly, compared to SSB library results, footprints seen for DSB libraries overlapped 
better with primer extension results, especially in the region where footprints B and Bʹ were 
expected. Considering that many more SSBs than DSBs are produced, this observation 
suggests that DSBs were tagged more readily than SSBs in each respective library prep.  
2.5 Discussion & Conclusion 
OH-seq experiments were successfully carried out using a protein-plasmid complex 
to map the λ repressor-OR1 interaction. Initial analyses of sequencing data show that full 
coverage is obtained with OH-seq, and that results are reproducible across replicates. 
Cleavage profiles for free and bound plasmid samples overlap at portions away from the 
binding region. Signal differences at the binding region are greatest at positions closest to 
the pseudo-dyad axis of the operator sequence, corresponding to the main footprints A and 
Aʹ from λ repressor binding. In analyses of sequencing results for DSB libraries, footprints 
B and Bʹ are seen, while weaker footprints C and Cʹ, involving interactions that extend 
beyond the operator site and could reportedly result from λ repressor “shadowing” the 
DNA backbone, are not very clear (Tullius and Dombroski, 1986). Examining footprints 
on both forward and reverse strands of the plasmid shows that λ repressor binds with 
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approximate two-fold symmetry about the pseudo-dyad axis of the operator, which agrees 
with observations from previous studies (Tullius and Dombroski, 1986; Beamer and Pabo, 
1992; Ptashne, 1992). The footprint regions that are observed agree quite well with those 
seen from corresponding primer extension experiments and previous footprinting 
experiments (Tullius and Dombroski, 1986; Ottinger, 1997), although some deviations are 
noted. 
Comparison of primer extension and OH-seq results with the λ repressor-OL1 co-
crystal structure shows some agreement between footprints observed from the experiments 
and protein-DNA contacts present in the structure. Figure 2.20a summarizes the protein-
DNA interactions seen in the co-crystal structure (Beamer and Pabo, 1992). The repressor 
contacts the sugar-phosphate backbone of the DNA at positions that flank the major groove. 
Along the major groove of the DNA, protein-DNA interactions are seen at T1-C4 and G4-
G6 on the consensus half-site, and a similar set of contacts is seen on the non-consensus 
half-site at T1ʹ-G3ʹ, G4ʹ-G6ʹ. The helix-turn-helix unit of the protein contacts A2, G4, and 
G6; A2ʹ, C3ʹ, and G4ʹ. Finally, contacts made with the N-terminal arm of the λ repressor, 
critical for site-specific recognition, are seen at G6-G9 and G8. Protected regions in the 
OR1 site seen in primer extension and OH-seq analyses for replicate 1 are summarized in 
Figure 2.20b-d. Direct comparisons regarding results at the OR1 and OL1 non-consensus 
half sites are made, even though the sequences are slightly different. Primer extension 
results capture most of the interactions seen in the co-crystal structure, with footprints A, 
Bʹ and Aʹ, B defining contacts along edges of the major groove. On the non-consensus half-
site, protection extends beyond contacted positions seen at the corresponding region in the 
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co-crystal structure. OH-seq results for SSB libraries are more weak and uniform, with the 
strongest protection seen on the reverse strand, where the N-terminal arm contacts the 
consensus half-site. Results for DSB libraries are similar to those for primer extension, but 
extended protection appears beyond known footprint regions. The protection seen at these 
other nucleotides is probably insignificant, but further statistical analysis is required.   
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Figure 2.20. Summary of (a) the protein-DNA interactions seen in the λ repressor-OL1 co-
crystal structure (Beamer and Pabo, 1992), and the protected regions (bars) seen in (b) 
primer extension, (c) SSB OH-seq, and (d) DSB OH-seq footprinting analyses for the λ 
repressor-OR1 complex. The consensus half-sites of the OL1 and OR1 operators are boxed. 
 
  
66 
In accounting for differences seen between OH-seq and primer extension footprints, 
several factors were addressed. Firstly, analyses of sequencing results are still incomplete. 
The cluster of signal differences between free and bound plasmid is most pronounced at 
the OR1 site, indicating that even though there are signal peaks outside the region, these 
are likely insignificant compared to the signal at the binding site. Further statistical analysis 
is required to determine if this is the case. Secondly, OH-seq experiments currently only 
capture a subset of hydroxyl radical cleavage products. This pool is further reduced in SSB 
library preparation, since only a fraction of S1 nuclease cleavage products are carried 
through adapter 1 ligation. Library preparations tagging SSBs and DSBs must be further 
optimized to capture the other S1 nuclease cleavage products, as well as the 5ʹ-aldehyde 
and 3ʹ-phosphoglycolate products from hydroxyl radical cleavage. Finally, primer 
extension analyses do not differentiate products extended from templates of a given length 
terminating in 5ʹ-aldehyde ends, from those terminating in 5ʹ-phosphate ends, even though 
these templates result from hydrogen abstraction at adjacent residues on the DNA. 
Consequently, primer extension results do not accurately reflect the exact site of hydroxyl 
radical cleavage, and comparison with conventional footprinting experiments show a 
nucleotide shift in primer extension footprints (Ottinger, 1997). On the other hand, OH-seq 
experiments currently tag the 5ʹ-phosphate gap product resulting from hydrogen 
abstraction, and reads are shifted accordingly to account for the cleavage position; with 
additional experiments, it may also prove possible to tag the 5ʹ-aldehyde nicked product 
and cleavage site, which will improve the footprint signal at protein-binding sites. 
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Chapter 3: Mapping the chromatin landscape in the human genome with OH-seq 
3.1  Introduction 
The Encyclopedia of DNA Elements (ENCODE) project aims to identify all 
functional elements encoded in the human genome, using genetic, evolutionary, and 
biochemical approaches (ENCODE Project Consortium, 2007). By and large, biochemical 
studies have contributed most to the project (Kellis et al., 2014), with experiments 
identifying sequences occupied by transcription factors (TFs) and other regulatory proteins, 
regions of accessible chromatin, positions marked by histone modifications, transcription 
start sites (TSSs), and regions involved in long-range chromosomal interactions (ENCODE 
Project Consortium, 2012). Progressing from early studies examining just protein-coding 
regions, which constitute just 1.5% of the genome, DNase- and ChIP-seq experiments show 
that outside these regions, 11% of the genome is associated with motifs in TF-bound 
regions or with DNase footprints, 15% with TF occupancy, and 15% with DNase 
hypersensitive sites (Kellis et al., 2014). About 20% of the genome contains histone 
modifications associated with promoters or enhancers. Modifications associated with 
transcription mark a third of the genome, and at least one repressive modification is found 
in over half the genome. Connecting regulatory elements and their corresponding 
biochemical signatures provides insight into associated cellular and molecular functions. 
Further optimization and development of high-throughput technologies will be invaluable 
for better understanding functional elements in the human genome.  
OH-seq is currently being developed for application to genome-wide studies. The 
availability of data from the aforementioned experiments allows for validation of this new 
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technique, while also providing guidance for further optimization. In the following 
experiments, hydroxyl radicals were generated in vivo, and double-strand breaks (DSBs) 
in human genomic DNA were tagged with adapters for sequencing on the Illumina platform. 
Issues in library preparation are described, and changes are considered for future OH-seq 
experiments. Finally, sequencing results yield cleavage profiles across TSSs and 
nucleosomes, which are compared to analyses from ChIP-, MNase-, and DNase-seq 
experiments.  
3.2 Experimental Design 
Chapter 2 described the use of OH-seq to map both single-strand breaks (SSBs) and 
double-strand breaks (DSBs) in plasmid DNA after hydroxyl radical treatment. This 
chapter presents results from sequencing libraries in which DSBs were tagged. SSBs were 
not examined, because S1 nuclease reactions on genomic DNA require characterization 
and optimization. The scheme for preparing libraries tagging DSBs in human cells is 
outlined in Figure 3.1. Differences in the OH-seq workflow for genomic DNA compared 
to plasmid DNA lie in the hydroxyl radical reaction and DNA isolation steps. To minimize 
mechanical damage to genomic DNA, cells are embedded in agarose prior to DNA 
isolation after γ-irradiation. Cells are lysed and proteins are degraded in the agarose plug, 
and the extent of DNA damage is checked using pulsed-field gel electrophoresis. The DNA 
is end-repaired and 3ʹ A-tailed to facilitate ligation to a 3ʹ T-overhang biotinylated adapter. 
The DNA is extracted from the agarose plug, fragmented, and size-selected for DNA 
fragments 200-500 bp in length. Adapter-ligated DNA is isolated using streptavidin beads, 
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end-repaired, and ligated to a second sequencing adapter. Fragments with both adapters are 
PCR enriched and purified for sequencing on the Illumina platform. 
Figure 3.1. OH-seq library preparation workflow for tagging DSBs from hydroxyl radical 
cleavage, following γ-irradiation of cells.  
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3.3 Experimental Procedures 
Cell growth and harvest 
Human lymphoblastoid cells (GM12878) were grown at 37 °C under 5% carbon 
dioxide in RPMI 1640 media (Life Technologies) supplemented with 15% fetal bovine 
serum (Atlanta Biologicals) and 1% penicillin-streptomycin (Life Technologies). 
Suspension cell cultures were seeded at a concentration of 500,000 viable cells/mL and 
passaged every 3 days until there were enough cells for downstream steps. Prior to 
irradiation, cells were spun down at 1,000 g for 10 min at 4 °C, and resuspended in fresh 
media.  
Irradiation of cells 
Cells were aliquoted into 1.5 mL microcentrifuge tubes (30 million cells per mL 
per tube) and transported in a Styrofoam container to the Massachusetts Institute of 
Technology, where they were γ-irradiated on ice using a 60Co source (Gammacell 220E). 
After irradiation, cells were spun down and resuspended in cryopreservation media (RPMI 
1640, 15% FBS, 1% penicillin-streptomycin, 6% DMSO). After incubating the cells on ice 
for 15 min, they were transferred to an insulated container and stored at -80 °C until ready 
for DNA isolation. 
Isolation of genomic DNA 
Genomic DNA was isolated using a modified protocol adapted from the CHEF 
Genomic DNA Plug Kit (Bio-Rad). Frozen cells were thawed in a 37 °C water bath, 
pelleted, and washed three times with 1X phosphate-buffered saline (PBS). Cell counts 
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were measured using the CountessTM Automated Cell Counter (Invitrogen), and pelleted. 
For every mL of agarose plugs to be made, 9 million cells were resuspended in 0.5 mL of 
cell suspension buffer (10 mM Tris, 50 mM EDTA, 20 mM NaCl; pH 7.2). Cells were 
equilibrated at 50 °C in a water bath, and 0.5 mL of pre-equilibrated 2% low-melt agarose 
was added. After thorough mixing, about 95 μL of the mixture were pipetted into each plug 
mold (Bio-Rad). Molds were placed at 4 °C for 5 min, and solidified agarose plugs were 
then transferred to 50 mL conical tubes containing 2.5 mL of Proteinase K buffer (10 mM 
Tris, 100 mM EDTA, 1% N-lauroylsarcosine, 0.2% sodium deoxycholate; pH 8) and 60 
units of Proteinase K (New England Biolabs). Plugs were incubated at 50 °C for 16 hr to 
completely lyse cell membranes and denature proteins. The solution was removed and 
plugs were soaked in 10 mL of 1X wash buffer (20 mM Tris, 50 mM EDTA; pH 8) for 1 
hr at room temperature. This wash step was repeated three additional times. After the final 
wash, plugs were stored in fresh wash buffer at 4 °C until ready for use.  
The quality of isolated DNA was determined using pulsed-field gel electrophoresis. 
Individual plugs were soaked in 1 mL of 0.5X TBE buffer for 45 min at room temperature. 
Plugs were loaded on a 1% megabase agarose gel (Bio-Rad), and the gel was run on the 
CHEF Mapper XA instrument (Bio-Rad) in the cold room, using the following settings: 6 
V/cm (voltage gradient), 1 min (initial switch time), 2 min (final switch time), 120° (angle), 
24 hr (run time), linear (ramp). After electrophoresis, the gel was stained using ethidium 
bromide and visualized using a UV transilluminator.   
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Preparation of sequencing libraries tagging double-strand breaks 
The first step in library preparation is end-repair of DSBs. For each library 
preparation, 9 plugs were placed in microcentrifuge tubes (3 plugs per tube), each 
containing 1 mL of 1X T4 PNK reaction buffer (New England Biolabs). Plugs were soaked 
in buffer for 45 min at room temperature, after which the buffer was carefully removed 
with a pipet. To each tube, 0.5 mL of the reaction mixture (1X T4 PNK reaction buffer, 
100 μg/mL BSA, 200 μM dNTPs, 10 units of T4 polynucleotide kinase) was added. After 
a 30-minute incubation at 20 °C, 3 units of T4 DNA polymerase (New England Biolabs) 
were added and the samples were incubated for an additional hr and a half. The reaction 
mixture was removed, and plugs were soaked in 1 mL of 0.1X wash buffer for 30 min at 
room temperature.  
The wash buffer was removed and samples were prepared for 3ʹ A-tailing reactions 
by addition of 1 mL of 1X NEBuffer 2 (New England Biolabs). After plugs were soaked 
in buffer for 45 min at room temperature, the buffer was removed and replaced with 0.5 
mL of the reaction mixture (1X NEBuffer 2, 200 μM dATPs, 5 units of Klenow fragment 
(3ʹ5ʹ exonuclease minus)). Reactions were carried out at 37 °C for 1 hr. The reaction 
mixture was removed and plugs were soaked in 1 mL of 0.1X wash buffer for 30 min at 
room temperature. 
After the wash step, plugs were prepared for ligation to sequencing adapter 1. Plugs 
were soaked in 1 mL of T4 DNA ligase reaction buffer (New England Biolabs) for 45 min 
at room temperature. The buffer was removed and replaced with 0.5 mL of the ligation 
reaction mixture (1X T4 DNA ligase reaction buffer, 160 pmol of annealed 3ʹ T-overhang 
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biotinylated adapter 1, 100 µg/mL BSA, 600 units of T4 DNA ligase). Ligation reactions 
were carried out at 16 °C for 16 hr, after which the reaction mixture was removed. Plugs 
were washed twice with 0.1X wash buffer.  
Genomic DNA was extracted from plugs using β-Agarase I (New England Biolabs). 
Plugs were soaked in 1 mL of 1X β-Agarase I reaction buffer for 1 hr at room temperature. 
The buffer was removed and tubes were incubated at 65 °C for 20 min to melt the plugs. 
Samples were then incubated at 42 °C for 10 min prior to addition of 3 μL of β-Agarase I. 
The reaction was carried out at 42 °C for 5 hr. Tubes were placed on ice for 15 min, and 
then centrifuged at 15,000 g for 15 min at 4 °C to pellet digested agarose. The supernatant 
was removed and transferred to clean microcentrifuge tubes. An equal volume of 
phenol:chloroform:isoamyl alcohol (25:24:1) was added, and after mixing, samples were 
briefly spun down in a tabletop minicentrifuge. The supernatant was recovered and the 
DNA precipitated by addition of 0.1X volume of 3 M sodium acetate (pH 5.2) and 0.7X 
volumes of isopropanol. Samples were centrifuged at 20,800 g for 45 min at 4 °C. DNA 
pellets were washed 3 times with 200 μL of 70% ethanol, allowed to air-dry, and then 
redissolved in 100 μL of 10 mM Tris-HCl (pH 8.5). 
Extracted genomic DNA was fragmented using sonication, and smaller fragments 
were size-selected. Samples were placed in the Bioruptor system (Diagenode), pre-chilled 
to 4 °C, and subjected to 60 cycles of sonication, with parameters set to 30 sec “ON” and 
30 sec “OFF.” Size distribution of the sheared DNA was checked using an Agilent DNA 
1000 chip on the Bioanalyzer. DNA fragments 200-500 bp long were isolated and purified 
using Agencourt AMPure XP beads (Beckman Coulter). Bead to DNA ratios were 
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optimized for each new lot of beads. Beads were added to the DNA in a bead to DNA ratio 
volume of 1.2, and samples were incubated at room temperature for 20 min. Samples were 
placed on a magnetic stand for 5 min to separate the beads from the supernatant. The 
supernatant was discarded, and the beads were washed twice with 200 µL of 80% ethanol. 
To elute DNA from the beads, 30 µL of 10 mM Tris-HCl (pH 8.5) were added. Samples 
were incubated at room temperature for 5 min and then placed on a magnetic stand, at 
which point the supernatant was recovered and transferred to microcentrifuge tubes. DNA 
concentrations were determined using the NanoDrop.  
Dynabeads M-280 streptavidin beads (Life Technologies) were used to capture 
adapter-ligated DNA. For each library, 10 µL of beads were added to a microcentrifuge 
tube and placed on a magnetic stand to separate beads from supernatant. The supernatant 
was discarded and the beads were washed three times with 30 µL of 1X Bind & Wash 
buffer (5 mM Tris-HCl, 0.5 mM EDTA, 1 M NaCl, pH 7.5). Beads were resuspended in 
30 µL of 2X Bind & Wash buffer, and DNA (equal input amounts for each 
control/irradiated sample in a round of library prep) was added to the suspension. The bead 
and DNA volume was adjusted to 60 µL with water, and the mixture was incubated at room 
temperature for 45 min, with gentle agitation every 15 min. Samples were then placed on 
a magnetic stand and the supernatant containing unbound DNA was discarded. Beads were 
washed twice with 50 µL of 1X Bind & Wash buffer, and once with 50 µL of 10 mM Tris-
HCl (pH 8.5). The last wash was removed and samples were prepared for end-repair. 
To each sample, 50 μL of end-repair reaction mixture were added (1X T4 PNK 
reaction buffer, 100 µg/mL BSA, 200 µM dNTPs, 5 units of T4 polynucleotide kinase, 1.5 
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units of T4 DNA polymerase, 0.5 µL of E. coli DNA ligase for Fragmentase (New England 
Biolabs)). Samples were incubated at 20 °C for 30 min and then placed on a magnetic stand. 
The supernatant was discarded and beads were washed as previously described. Samples 
were set up for 3ʹ A-tailing reactions by addition of 50 µL of the reaction mixture (1X 
NEBuffer 2, 200 µM dATPs, and 2.5 units of Klenow fragment (3ʹ5ʹ exonuclease 
minus)). Reactions were carried out at 37 °C for 30 min and then placed on a magnetic 
stand. The supernatant was discarded and beads were washed. To the beads, 1X T4 DNA 
ligase reaction buffer, 10 pmol of annealed 3ʹ T-overhang barcoded adapter 2, 100 µg/mL 
BSA, and 100 units of T4 DNA ligase (New England Biolabs) were added. Reactions were 
brought to 50 µL, incubated at 16 °C for 16 hr, and then cleaned up as previously described. 
After washing the beads, samples were prepared for library amplification. 
PCR reactions for each library were set up using the following conditions: 1X 
Phusion HF buffer, 250 µM dNTPs, 0.5 µM primer for adapter 1, 0.5 µM primer for adapter 
2, and 2 μL of Phusion High-Fidelity DNA polymerase (New England Biolabs) in a final 
reaction volume of 200 µL. From this reaction mixture, 50 µL were aliquoted into four 0.2 
mL thin-walled PCR tubes. The following thermocycling conditions were used for library 
amplification: 30 sec at 98 °C; 18 cycles of 10 sec at 98 °C, 30 sec at 60 °C, 30 sec at 72 °C; 
5 min at 72 °C. After PCR, samples were combined in a 1.5 mL microcentrifuge tube and 
placed on a magnetic stand. The supernatant, containing the amplified DNA, was recovered 
and cleaned up using a PCR purification spin column (MACHEREY-NAGEL). DNA was 
eluted in 50 µL of 5 mM Tris-HCl (pH 8.5) and then purified twice using Agencourt 
AMPure XP beads to remove adapter dimers. Beads were added to the DNA in a bead to 
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DNA ratio volume of 1.2, and samples were processed as previously described. DNA 
eluted from the beads was loaded onto an Agilent DNA 1000 Series chip and run on the 
Bioanalyzer to assess library quality.  
3.4 Results 
Assessing DNA damage and the quality of isolated genomic DNA 
Ionizing radiation induces DNA damage from hydroxyl radicals that are generated 
upon radiolysis of surrounding water (indirect effect), as well as through direct ionization 
of the DNA (direct effect) (von Sonntag, 2006). The extent of this damage in γ-irradiated 
cells, and the quality of non-irradiated DNA in controls, were assessed using pulsed-field 
gel electrophoresis. As human chromosomes are too large to resolve individually on a gel, 
the diminishing signal of DNA in the wells, and appearance of shorter dsDNA fragments 
along the length of the gel, serve as indications of DNA damage. With exposure to 
increasing radiation dose, an increase in chromosomal DNA damage is seen (Figure 3.2). 
At a dose of 50 Gy, dsDNA fragments smear from the wells, leading to an aggregate of 
high molecular weight DNA around 1.9 Mb in size. At higher doses, the signal from DNA 
in the well and the 1.9 Mb aggregate decreases, and increases lower on the gel, 
corresponding to fragments shorter than 1.9 Mb. For the non-irradiated sample, DSB 
damage, as indicated by the aforementioned features, is not seen, demonstrating that DSBs 
are not created in the process of isolating genomic DNA.  
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Figure 3.2. Ethidium bromide-stained pulsed-field electrophoresis gel, showing the extent 
of DNA damage in human genomic DNA following γ-irradiation. DNA damage, indicated 
by the decrease in signal intensity in the well and the appearance of a smear lower in the 
gel, increases with exposure to increasing radiation dose. L denotes the Yeast Chromosome 
PFG ladder (New England Biolabs).  
OH-seq results for libraries tagging double-strand breaks 
Final libraries were run on the Bioanalyzer for quality assessment. 
Electropherograms of libraries show a clear signal in the 1400 Gy-irradiated sample, and a 
lower signal in the non-irradiated (control) sample, which was not sequenced (Figure 3.3). 
This is expected, since there should be minimal DSBs present in the control. Paired-end 
sequencing of libraries was carried out on the Illumina HiSeq sequencer. 
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Figure 3.3. Electropherograms generated on the Bioanalyzer, showing the size and signal 
distribution of PCR-amplified libraries (18 cycles) tagging DSBs in human samples.  
Processing of sequencing data and bioinformatics analyses were carried out by Dr. 
Hari K.K. Subramanian and Dr. Stephen C.J. Parker. After aligning reads to the genome, 
low-quality reads were filtered out, leaving only reads with a quality score ≥ 30 (> 99.9% 
accuracy in base calling). As discussed in Chapter 2, since Read 1 extends from sequencing 
adapter 1, and Read 2 extends from the barcoded adapter 2, only Read 1 marks the original 
damage site, and was used in subsequent analyses (Figure 2.11). Forward and reverse 
strand reads were separated and further sorted based on chromosome location. The 
frequency of reads (tags) at the position 3ʹ adjacent to the first “T” added on Read 1 was 
recorded. Tag counts were shifted in the 5ʹ direction to account for the original position of 
DNA damage from hydroxyl radical cleavage. For analyses examining the cleavage 
profiles of TSSs and nucleosomes, the mean cleavage signal was obtained by averaging 
the signal at each position across aggregated sites. The average signal at each position on 
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the forward and reverse strands were totaled to roughly represent the combined cleavage 
pattern.  
Chromatin features around transcription start sites  
The plot of OH-seq signals averaged across 89,307 TSSs (GENCODE database) 
shows highest damage upstream in the promoter, and an undulating pattern downstream in 
the transcribed region (Figure 3.4a). The organization of nucleosomes around TSSs 
accounts for these features. In a typical gene (5ʹ to 3ʹ), a nucleosome is positioned upstream 
(-1 nucleosome), followed by a nucleosome-free region (NFR) adjacent to the TSS, and a 
nucleosome precisely positioned downstream from the TSS (+1 nucleosome) (Cairns, 2009; 
Jiang and Pugh, 2009; Radman-Livaja and Rando, 2010). The NFR, which may vary in 
length, is more susceptible to nuclease or chemical cleavage compared to other regions 
protected by nucleosome binding, an attribute that agrees with the higher OH-seq signal 
seen around the TSS. The -1 nucleosome, which contains regulatory elements important 
for transcription initiation, is evicted during active transcription, and is not as strongly 
positioned as are nucleosomes downstream from the TSS (Schones et al., 2008; Jiang and 
Pugh, 2009). A phased nucleosome array starts with the +1 nucleosome, which is most 
well-positioned, and then becomes delocalized further downstream (Cairns, 2009). Histone 
modifications at the +1 nucleosome play a key role in regulating the accessibility of DNA 
for interaction with RNA polymerase II (Pol II). MNase-seq experiments on CD4+ T cells 
show that this nucleosome is present in both expressed and unexpressed genes (Schones et 
al., 2008). The undulating pattern seen in the OH-seq profile around +130 bp and +300 bp, 
each which span intervals about 150 bp long, indicate +1 and +2 nucleosomes are present.  
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Figure 3.4. OH-seq profiles averaged from data for (a) 89,307 TSSs in the human genome, 
and (b) subsets of genes with high (n = 941) and low expression (n = 12,864). Signal is 
highest around the TSS. The undulating pattern observed around +130 bp and +300 bp in 
(a) corresponds to nucleosomal footprints. Actively transcribed genes show a higher 
damage profile compared to inactive genes.  
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DNase- and ChIP-seq analyses for 10,000 randomly selected GENCODE TSSs 
show that (1) the DNase I signal peaks in the NFR region, and (2) the histone H3 lysine 4 
trimethylation (H3K4me3) signal, marking the presence of nucleosomes, spikes in the 
promoter region between -300 bp and -400 bp, as well as downstream, starting from around 
+200 bp (Thurman et al., 2012). The NFR, depleted of nucleosomes, is most accessible for 
nuclease cleavage, which accounts for the high DNase I signal and lack of H3K4me3 signal. 
In the promoter region, the H3K4me3 signal peak likely corresponds to the -1 nucleosome. 
The DNase I signal is lower in this region, but a nucleosomal footprint isn’t seen, which is 
also the case for the OH-seq results. The greater H3K4me3 signal in the transcribed region 
corresponds to the rigidly positioned +1 nucleosome. DNase-seq results reflect this, with a 
marked lower signal and a subtle nucleosomal footprint seen in this region. In OH-seq plots, 
these footprints are more defined. These observations, and especially the shape of the 
DNase I pattern, support the results seen in OH-seq analyses. 
Cleavage profiles across TSSs between genes showing high and low expressions 
were further compared (Figure 3.4b). Expression values for GM12878 were obtained from 
GENCODE datasets provided by the Center for Genomic Regulation (CRG Bioinformatics 
and Genomics). Of the expressed genes, 941 were designated “highly expressed,” and 
12,864 as “lowly expressed.” As expected, since active transcription is associated with 
greater DNA accessibility (Gross and Garrard, 1988), highly expressed genes show higher 
OH-seq signals, indicating greater damage. Although the signal still peaks near the TSS, 
the peak observed in the cleavage profile of highly expressed genes is shifted downstream 
from the TSS compared to the profile for all genes (Figure 3.4a). As previously mentioned, 
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studies show that the +1 nucleosome is detected in both inactive and active genes, while 
the -1 nucleosome is evicted during active transcription. The +1 nucleosome is positioned 
around +10 bp, downstream of the TSS, in inactive genes, as well as in genes poised for 
activation, where Pol II is stalled near the promoter. In active genes, the +1 nucleosome is 
found at around position +40 bp, suggesting that the nucleosome slides in the transition 
from transcription initiation to elongation (Schones et al., 2008). These findings could 
account for the shift in the 3ʹ direction seen in the OH-seq profile for highly expressed 
genes. As nucleosome occupancy and positioning change during active transcription, it is 
not surprising that the valleys seen in the first aggregate plot (Figure 3.4a) are not apparent 
here. 
Nucleosomal footprint analysis 
OH-seq signals across aggregated nucleosome sequences were plotted to yield the 
whole-genome nucleosomal footprint (Figure 3.5). Highly accurate midpoints from 
mapped MNase-seq fragments in experiments on GM19193 cells (Gaffney et al., 2012) 
were used to predict nucleosome coordinates for GM12878 cells. OH-seq data for nearly 
2 million nucleosomes were averaged. The resulting plot shows a highly periodic footprint 
spanning about 147 bp. The OH-seq signal is highest at the edges of the positioned 
nucleosome, where the linker regions would be, and lower at the center. A 10 bp periodic 
pattern is seen within the footprint, consistent with findings from studies examining DNA 
structure and sequence periodicities in nucleosomes (Satchwell et al., 1986; Hayes et al., 
1990). Comparison of this OH-seq footprint with that obtained from DNase-seq data, also 
plotted using the aforementioned midpoints, shows very similar shape and periodicity 
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between the cleavage profiles (Gaffney et al., 2012). These results show that OH-seq has 
strong potential to map protein-DNA interactions throughout whole genomes, giving 
detailed structural information at protein binding sites. 
Figure 3.5. The whole-genome nucleosomal footprint, averaged from OH-seq data for 
about 2 million nucleosomes in the human genome. The higher signal seen around -75 and 
+75 bp denote the boundaries of the nucleosome. A 10 bp periodic pattern is seen within 
the footprint. 
3.5 Troubleshooting OH-seq 
Although sequencing libraries, tagging DSBs, were successfully generated from 
irradiated cells, there are several issues with the OH-seq workflow for in vivo studies that 
require examination and refinement. One problem with the library sequenced for the 
analyses discussed above is the large fraction of duplicate reads present. In high-throughput 
sequencing, duplicates arise at the PCR step of library enrichment. When the amount of 
starting DNA is too low, or too many PCR cycles are carried out, these PCR duplicates 
become overrepresented during amplification on the flow cell in the sequencer (Meyer and 
Liu, 2014). These issues with PCR can also be a source of GC bias, and can introduce bias 
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in which shorter DNA fragments are preferentially amplified. In the 1400 Gy-irradiated 
sample sequenced, 75.7% of the read pairs examined were duplicate reads. In a second 
batch of libraries that were sequenced, corresponding to non-irradiated, 250 Gy, and 500 
Gy-irradiated samples, these percentages were respectively 97.5%, 94.5%, and 91.8%. To 
address this issue, experiments were carried out in which (1) a greater amount of input 
DNA was used at the PCR step, and (2) fewer amplification cycles were run. Regarding 
the first point, it is important to keep in mind that, according to the manufacturer, the 
binding capacity of 1 μg of Dynabeads M-280 streptavidin beads (Life Technologies) is 
about 10 ng of dsDNA, and that slight PCR inhibition is seen with 75-100 μg of beads in a 
50 μL PCR reaction.  
The number of PCR cycles to use for library enrichment was determined using a 
protocol adapted from the ATAC-seq experiment (Assay for Transposase Accessible 
Chromatin) protocol (Buenrostro et al., 2015). The idea is to run a limited number of PCR 
cycles, and then use qPCR to determine how many additional cycles should be run before 
the signal is saturated. PCR reactions for each library were set up accordingly: 1X Phusion 
HF buffer, 250 µM dNTPs, 0.5 µM primer for adapter 1, 0.5 µM primer for adapter 2, 1X 
SYBR Green I (Life Technologies), and 0.5 μL of Phusion High-Fidelity DNA polymerase 
(New England Biolabs), in final reaction volumes of 50 μL. The following thermocycling 
conditions were used:  
1 cycle: 5 min at 72 °C, 30 sec at 98 °C 
5 cycles: 10 sec at 98 °C, 30 sec at 60 °C, 30 sec at 72 °C 
1 cycle: 5 min at 72 °C, HOLD at 4 °C 
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For each qPCR reaction, 5 μL of the aforementioned PCR reaction mixture were 
added to a microcentrifuge tube containing 4 μL of 5X Phusion HF buffer, 0.2 μL of 25 
mM dNTPs, 0.5 μL of 10 μM primer for adapter 1, 0.5 μL of 10 μM primer for adapter 2, 
1X SYBR Green I, 0.3 μL of Phusion High-Fidelity DNA polymerase, and water in a final 
reaction volume of 15 μL. Samples were loaded onto a 384-well plate and placed in the 
ABI 7900 Real Time PCR instrument. Wells containing samples were highlighted. In the 
option for adding a detector, “SYBR” was selected. The following thermocycling 
parameters were used:  
Sample volume: 15 μL 
Stage 1: 2 min at 50 °C 
Stage 2: 30 sec at 98 °C 
Stage 3: 10 sec at 98 °C, 30 sec at 60 °C, Repeats: 19 
Stage 4: 1 min at 72 °C 
Stage 5: HOLD (30+ min) at 4 °C 
From the plot of linear Rn vs. cycle number, where Rn refers to the reporter dye 
signal in these experiments, the number of cycles corresponding to production of ¼ the 
maximum fluorescent intensity was the number of additional PCR cycles used in library 
amplification. Shown in Figure 3.6 is the qPCR amplification plot used to determine the 
additional number of PCR cycles to use for non-irradiated, 250 Gy, and 500 Gy-irradiated 
samples in a third batch of libraries prepared for sequencing. Based on these results, and to 
maintain consistency among the samples, 5 additional cycles were carried out for library 
amplification, for a total of 10 cycles. The final libraries were evaluated on the Bioanalyzer. 
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Electropherograms show near-baseline signal for the non-irradiated library, and higher 
signal in the 250 Gy and 500 Gy libraries (Figure 3.7). Paired-end sequencing was carried 
out on the Illumina HiSeq sequencer, and sequencing results were processed as described 
above. Duplicate reads accounted for only 17% of the reads in the non-irradiated sample, 
and only 4% of the reads in each irradiated sample. These levels of duplicate reads are 
acceptable, and significantly lower than those from libraries sequenced earlier. 
Figure 3.6. Plot of linear Rn vs. cycle number, following qPCR reactions of human libraries. 
The number of additional PCR cycles to use in library enrichment corresponds to when ¼ 
the maximum fluorescent intensity is reached. According to these plots, the number of 
additional cycles to use are ~7 for non-irradiated samples, and ~5 for 250 Gy and 500 Gy-
irradiated samples. 
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Figure 3.7. Electropherograms generated on the Bioanalyzer, showing the size and signal 
distribution of PCR-amplified libraries (10 cycles) tagging DSBs in human samples. The 
number of PCR cycles to use was determined from the results of qPCR analysis (Figure 
3.6). Peaks at 15 bp and 1500 bp correspond to the low and high markers used to align 
electropherograms. 
Sequencing results for the third batch of libraries reveal additional issues with OH-
seq that require further examination. Preliminary analyses show that OH-seq profiles for 
non-irradiated libraries share similar features and patterns with those for irradiated libraries, 
and that in some cases, non-irradiated samples show higher average OH-seq signal and 
more defined footprints. Since non-irradiated samples have fewer DSBs, and final libraries 
of amplified DNA are lower in concentration compared to irradiated libraries, these 
observations from sequencing data raise several questions. The first question is how signals 
between different samples can be better compared, and the second is how non-irradiated 
samples became damaged in the OH-seq workflow. Finally, speculations accounting for 
the weaker footprints seen in irradiated samples must be considered.  
One way to address the first question is to include spike-in controls in libraries prior 
to sequencing. Spike-in controls, such as the PhiX Control v3 libraries generated from the 
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Phi X virus genome (Illumina), are added in known amounts to provide a calibration 
control for unbalanced samples. This measure will allow for better comparison between 
different libraries, since library composition varies and may affect cluster generation on 
the sequencer.  
As for the second question, any damage to non-irradiated samples that appears in 
sequencing analyses would have to be in the form of DSBs that are present prior to adapter 
1 ligation. Furthermore, any footprints observed indicate that strand breaks occurred with 
the protein bound to the DNA. Since genomic DNA possesses low levels of endogenous 
DSBs (Sutherland et al., 2003), as supported by pulsed-field gel electrophoresis of non-
irradiated samples, the aforementioned points suggest that either endogenous SSBs are 
present prior to OH-seq sample processing, or that breaks were created in the steps leading 
up to full denaturation and removal of proteins. Another way to assess damage in non-
irradiated genomic DNA is to carry out a comet assay. The comet assay, in which 
individual cells are embedded in agarose, adhered to slides, lysed, and electrophoresed, can 
be used to detect SSBs, DSBs, and alkali-labile sites (Olive and Banáth, 2006). Depending 
on the lysis and electrophoresis conditions used, DSBs can be detected separately from 
SSBs and alkali-labile sites. In the case where DSBs are present, these could potentially be 
processed for ligation to adapter 1. SSBs will be modified by enzymes used in end-repair 
and 3ʹ A-tailing reactions. Although it is unclear whether these enzymes can convert SSBs 
to DSBs under the conditions used, T4 DNA polymerase has been shown to exhibit 3ʹ  
5ʹ exonuclease degradation (Sambrook et al., 1989), and Klenow fragment (3ʹ5ʹ 
exonuclease minus) displays moderate strand displacement activity (Eschenfeldt and 
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Berger, 1987). Comet assays, and other experiments testing the activities of end-repair 
enzymes on genomic DNA, can thus help clarify OH-seq results.  
The lack of strong footprints at expected TF binding sites in irradiated samples can 
be potentially attributed to three aspects of OH-seq. The first is that the sequencing 
coverage obtained with this method is rather uniform across the whole genome, especially 
at higher radiation doses. Hydroxyl radical cleavage is governed by solvent accessibility 
(Balasubramanian et al., 1998), and at higher radiation doses, more widespread probing of 
the genome is achieved. As cleavages are spread across the genome, signals around specific 
binding sites are too weak or sparse to reveal footprints. Secondly, it is possible that at 
higher radiation doses the genome is damaged enough that chromatin features and protein-
DNA interactions are altered. With the current OH-seq protocol, there is a trade-off 
between obtaining more diverse libraries, and minimizing the amount of damage to the 
genome so that structural information at protein-DNA binding sites is not significantly 
affected. Libraries with low diversity can be problematic for sequencing, resulting in lower 
yields, lower read quality, and inaccurate assignment of reads (Krueger et al., 2011; Mitra 
et al., 2015). One way to possibly increase library diversity and obtain stronger footprints 
at protein-binding sites is to crosslink proteins to DNA in cells prior to irradiation. This 
could help decrease the amount of disruption to protein-DNA interactions at higher 
radiation doses.  
Another option is to carry out OH-seq experiments on naked genomic DNA and 
use the resulting cleavage profile as a means to identify protected regions in protein-bound 
samples. This was done in experiments examining the λ repressor-OR1 complex (Chapter 
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2), although it is not as straightforward with genomic samples. In preliminary experiments 
on naked genomic DNA, cells were embedded in agarose plugs, lysed, treated with 
Proteinase K, and subjected to multiple wash steps as described above. Plugs, in 1X wash 
buffer, were irradiated for varying lengths of time, and the extent of radiation damage was 
assessed using pulsed-field gel electrophoresis (Figure 3.8). Libraries tagging DSBs were 
prepared for these samples. The library for the 500 Gy-irradiated sample (Figure 3.9) was 
sequenced on the HiSeq platform. The TSS aggregate plot shows a fairly uniform OH-seq 
profile (Figure 3.10a), which contrasts strongly with the profile seen for irradiated cells. 
The lack of features seen in the profile for naked genomic DNA is expected, as proteins 
were removed and any patterns observed should solely reflect the underlying DNA 
structure. This appears be the case in the nucleosome aggregate plot, since a weak 
nucleosome footprint can be seen and the 10 bp periodic pattern is not as clear (Figure 
3.10b). As discussed in Chapter 1, the DNA at nucleosomes contain periodic A/T rich 
sequences, giving the DNA more curvature so as to facilitate bending and wrapping around 
histone cores. Further analysis is needed to compare sequencing results between naked 
genomic DNA and irradiated cells at specific protein binding sites. Since naked DNA 
requires a lower dose of radiation to achieve the same amount of damage seen in irradiated 
cells, irradiation conditions must be closely monitored and adjusted so that the degree of 
damage between samples is comparable. 
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Figure 3.8. Ethidium bromide-stained pulsed-
field electrophoresis gel, showing the extent 
of DNA damage in naked human genomic 
DNA following γ-irradiation. L denotes the 
Yeast Chromosome PFG ladder (New 
England Biolabs). 
 
 
 
 
Figure 3.9. Electropherograms generated on the Bioanalyzer, showing the size and signal 
distribution of PCR-amplified libraries (18 cycles) tagging DSBs in naked human genomic 
DNA samples.  
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Figure 3.10. (a) OH-seq profile averaged from data for 50,739 TSSs on the forward strand 
of 500 Gy-irradiated naked human genomic DNA (red) and 1400 Gy-irradiated human 
cells (black). The profile for irradiated naked DNA shows a uniform cleavage pattern 
compared to that for irradiated cells. (b) Plots of the whole-genome nucleosomal footprint 
averaged from OH-seq data (~2 million nucleosomes) for the aforementioned samples. 
Higher cleavage signal is observed at the boundaries of the footprint, but a weaker periodic 
pattern in observed in the irradiated naked DNA sample. 
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Finally, libraries are currently limited to tagging dsDNA with 3ʹ-phosphate and 5ʹ-
phosphate ends. In γ-irradiation of cells, additional products are generated, including 
damaged bases, abasic sites, SSBs in the form of gapped or nicked DNA, tandem lesions, 
and clustered lesions of any combination of the above (von Sonntag, 2006). Experiments 
carried out on irradiated human cells show that clustered lesions of single-strand breaks, 
abasic sites, and oxidized bases constitute 80% of the complex damages, while DSBs 
constitute 20% (Sutherland et al., 2000). One possible way to capture these other products 
is to use lesion-specific enzymes to create nicks at the aforementioned sites, generating a 
DSB with ends that can be further processed for ligation to a sequencing adapter. For 
instance, Fpg (formamidopyrimidine [fapy]-DNA glycosylase) and Endonuclease III 
recognize oxidized purines and pyrimidines, respectively, and both act as N-glycosylases 
and AP-lyases to generate dsDNA with 3ʹ-opened sugar and 5ʹ-phosphate ends (Demple 
and Harrison, 1994; Sutherland et al., 2000). Subsequent treatment with an enzyme that 
possesses 3ʹ-phosphodiesterase activity will release the 3ʹ-opened sugar to yield a hydroxyl 
end. To process abasic sites, an AP endonuclease can be used to generate dsDNA with a 
hydroxyl group at the 3ʹ end and a deoxyribose-5-phosphate at the 5ʹ end. The latter group 
can be removed using an enzyme with 5'-deoxyribophosphodiesterase activity, such as 
DNA polymerase β, yielding a 5ʹ-phosphate end. Careful coordination of these enzymatic 
treatments will generate dsDNA with ends suitable for end-repair and adapter ligation, 
which will increase the signal that can be achieved with OH-seq. These factors, along with 
the aforementioned aspects, require further examination in order to optimize OH-seq and 
better interpret results obtained using this technique.  
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3.6 Discussion & Conclusion 
OH-seq studies were carried out on human lymphoblastoid cells (GM12878) to map 
chromatin features in vivo on a whole-genome scale. Plots of OH-seq signals across 
aggregated TSSs and nucleosome positions for the library prepared from 1400 Gy-
irradiated cells show (1) damage is high upstream of the TSS in the NFR, and +1 and +2 
nucleosomes are detected in the transcribed region; (2) damage is higher at the edges of the 
nucleosome, corresponding to linker regions, and lower in the footprint region, where a 10 
bp periodic pattern is present. These findings correspond well with those from ChIP-, 
MNase-, and DNase-seq experiments (Schones et al., 2008; Gaffney et al., 2012; Thurman 
et al., 2012). Further examination of OH-seq signals across the TSS of highly and lowly 
expressed genes reveals higher cleavage signals in the former set, which agrees with the 
observation that active transcription is associated with greater DNA accessibility (Gross 
and Garrard, 1988). Nucleosomal features are not as apparent in cleavage profiles for 
highly and lowly expressed genes, which could be attributed to changes in nucleosome 
occupancy and positioning during transcription.  
While OH-seq is capable of providing structural information at each nucleotide, 
several drawbacks with the technique currently limit analyses to aggregated features in the 
human genome. Some of these drawbacks, such as low library diversity and low signals 
observed in irradiated samples, can be overcome by using more input DNA in the library 
prep, monitoring PCR conditions, and including a spike-in control to improve cluster 
generation on the sequencer, which will provide a better means of comparing non-
irradiated and irradiated samples. Due to the nature of the hydroxyl radical, more 
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widespread probing and uniform coverage is obtained with OH-seq compared to DNase-
seq, accounting for the missing or weak footprints at expected TF binding sites. 
Furthermore, as radiation dose increases, chromatin structure starts to break down, which 
likely disrupts protein-DNA interactions. Additional modifications to the OH-seq protocol 
must be considered in order to obtain more defined footprints for these interactions. One 
option is to crosslink proteins to DNA in cells prior to irradiation. Another option is to 
prepare OH-seq libraries from naked genomic DNA, which will provide a landscape of the 
underlying DNA structure. Finally, as discussed in Chapter 2, OH-seq for tagging DSBs is 
limited to a subset of products from hydroxyl radical cleavage. For in vivo studies, DSBs 
constitute about 20% of the complex damage induced by ionizing radiation (Sutherland et 
al., 2000). Addition of enzymatic steps to the OH-seq protocol, in which lesion-specific 
enzymes are used to modify oxidized bases or abasic sites, should be explored as a way to 
capture more products.  
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Chapter 4: Mapping protein-DNA interactions in the yeast genome with OH-seq 
4.1 Introduction 
Due to its relatively small genome and shared features with human cell cycle 
regulation, yeast S. cerevisiae commonly serves as a model organism for studying 
eukaryotic genomes (Pray, 2008; Botstein and Fink, 2011). High-throughput sequencing 
experiments have allowed for global mapping of nucleosome occupancy, protein-DNA 
interactions, and open chromatin in vivo (Lee et al., 2007; Hesselberth et al., 2009; Rhee 
and Pugh, 2011; Wal & Pugh, 2012; Lee et al., 2013; Connelly et al., 2014; Schep et al., 
2015). Combining results from these studies has allowed for extensive characterization of 
chromatin architecture and transcription factor (TF) binding in the yeast genome. Further 
integrating these results with those from global studies of gene expression has provided 
insight into the interplay of chromatin structure and transcriptional regulation (Lee et al., 
2007; Connelly et al., 2014). The availability of these datasets and analyses aids the further 
development of OH-seq for application to whole genomes. As OH-seq studies on human 
cells must be refined so as to better define TF-DNA interactions, experiments on the less 
complex yeast genome were carried out to improve the technique and understand its 
drawbacks. The following experiments described for yeast are similar to those carried out 
on human cells. Hydroxyl radicals were generated in vivo and double-strand breaks in yeast 
genomic DNA were tagged with adapters for sequencing on the Illumina platform. 
Analyses of cleavage patterns at nucleosomes and TF-binding sites are discussed and 
compared to those from the aforementioned studies. 
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4.2 Experimental Design 
The OH-seq workflow for tagging DSBs in yeast genomic DNA is similar to that 
described in Chapter 3 (Figure 3.1). Cells are exposed to γ radiation and then embedded in 
agarose for DNA isolation. The extent of DNA damage is checked using pulsed-field gel 
electrophoresis. End-repair, A-tailing, and ligation reactions are carried out with the DNA 
in plugs. Genomic DNA is extracted from the plugs, fragmented, and size-selected for short 
DNA fragments. Adapter-ligated DNA is isolated using streptavidin beads and processed 
for ligation to a second sequencing adapter. Fragments with both adapters are PCR 
enriched and purified for sequencing on the Illumina platform. 
4.3 Experimental Procedures 
Cell growth and harvest 
S. cerevisiae cells of the strain BY4741 (MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0) 
were grown overnight at 30 °C, 250 rpm from a single colony in 30 mL of YPD media. 
Cell counts were monitored using a hemocytometer after 12 hr. When the early log phase 
of growth was reached (Figure 4.1), alpha-factor mating pheromone (GenScript) was added 
to the culture to a final concentration of 5 μg/mL, and the culture was incubated for an 
additional 2 hr to induce cell cycle arrest in the G1 phase. An aliquot of cells was checked 
under light microscopy for the formation of mating projections (shmoos). Cells were 
released from arrest by centrifugation at 2,000 g for 15 min, and resuspended in 300 mL 
of warm YPD media. The culture was incubated at 30 °C, 250 rpm until the mid-log phase 
of growth was reached, at which point the culture was prepared for irradiation. 
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Figure 4.1. Growth curve of S. cerevisiae yeast (BY4741). Cell counts were measured 
using a hemocytometer. 
Irradiation of cells 
Cells were aliquoted into 50 mL conical tubes and transported in a Styrofoam 
container to the Massachusetts Institute of Technology, where they were γ-irradiated on 
ice using a 60Co source (Gammacell 220E). After irradiation, glycerol was added to the 
cells to a final concentration of 15%, and cells were stored frozen at -80 °C until ready for 
DNA isolation. 
Isolation of genomic DNA 
Genomic DNA was isolated as described in Chapter 3, with modifications at the 
cell lysis step. Frozen cells were thawed in a 37 °C water bath, pelleted, and washed three 
times with 1X phosphate-buffered saline (PBS). Cell counts were measured using a 
hemocytometer, and pelleted. For every mL of agarose plugs to be made, 1.8 billion cells 
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were resuspended in 0.5 mL of cell suspension buffer (10 mM Tris, 50 mM EDTA, 20 mM 
NaCl; pH 7.2). Cells were equilibrated at 50 °C in a water bath, and 15.5 μL of 1 mg/mL 
Zymolyase 20-T (Amsbio) and 0.5 mL of pre-equilibrated 2% low-melt agarose were 
added. Zymolyase, used for lysing cell walls, was prepared according to Herschleb et al. 
(2007). After thorough mixing, about 95 μL of the mixture were pipetted into each plug 
mold (Bio-Rad). Molds were placed at 4 °C for 5 min, and the solidified agarose plugs 
were then transferred to 50 mL conical tubes containing 2.5 mL of 0.5 M EDTA (pH 7.5), 
7.5% β-mercaptoethanol, and 20 μL of Zymolyase 20-T. Samples were incubated at 37 °C 
for 4 hr to create spheroblasts. The buffer was then drained and plugs were washed three 
times with deionized water. To each conical tube, 2.5 mL of Proteinase K buffer (10 mM 
Tris, 100 mM EDTA, 1% N-lauroylsarcosine, 0.2% sodium deoxycholate; pH 8) and 60 
units of Proteinase K (New England Biolabs) were added. Plugs were incubated at 50 °C 
for 16 hr to completely lyse cell membranes and denature proteins. The solution was 
removed and plugs were soaked in 10 mL of 1X wash buffer (20 mM Tris, 50 mM EDTA; 
pH 8) for 1 hr at room temperature. This wash step was repeated three additional times. 
After the final wash, plugs were stored in fresh wash buffer at 4 °C until ready for use. The 
quality of the isolated DNA was determined using pulsed-field gel electrophoresis, as 
described for human samples.  
Preparation of sequencing libraries tagging double-strand breaks 
End-repair, 3ʹ A-tailing reactions, ligation to sequencing adapter 1, and β-Agarase 
reactions were carried out as detailed in Chapter 3. Following plug digestion for DNA 
extraction, samples were placed on ice for 15 min, and then centrifuged at 15,000 g for 15 
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min at 4 °C to pellet digested agarose. The supernatant was removed and transferred to 2 
mL Phase Lock Gel Light tubes (5 PRIME). An equal sample volume of 
phenol:chloroform:isoamyl alcohol (25:24:1) was added to each tube, and after mixing, 
samples were centrifuged for 1 min at 15,000 g, 4 °C. The supernatant was recovered and 
the DNA was precipitated by addition of 0.1X volume of 3 M sodium acetate (pH 5.2) and 
0.7X volumes of isopropanol. Samples were centrifuged at 20,800 g for 45 min at 4 °C. 
DNA pellets were washed 3 times with 200 μL of 70% ethanol, allowed to air-dry, and 
then redissolved in 100 μL of 10 mM Tris-HCl (pH 8.5). 
Extracted genomic DNA was fragmented and size-selected as previously described, 
and adapter-ligated DNA was isolated using streptavidin beads. For each library, 7 µL of 
Dynabeads M-280 streptavidin beads (Life Technologies) were added to a microcentrifuge 
tube, and placed on a magnetic stand to separate beads from supernatant. The supernatant 
was discarded and beads were washed three times with 30 µL of 1X Bind & Wash buffer 
(5 mM Tris-HCl, 0.5 mM EDTA, 1 M NaCl, pH 7.5). Beads were resuspended in 25 µL 
of 2X Bind & Wash buffer, and DNA (equal input amounts for each control/irradiated 
sample in a round of library prep) was added to the suspension. The bead and DNA volume 
was adjusted to 50 µL with water, and the mixture was incubated at room temperature for 
45 min, with gentle agitation every 15 min. Samples were placed on a magnetic stand and 
the supernatant containing unbound DNA was discarded. Beads were washed twice with 
50 µL of 1X Bind & Wash buffer, and once with 50 µL of 10 mM Tris-HCl (pH 8.5). The 
last wash was removed and samples were prepared for end-repair, A-tailing reactions, and 
ligation to barcoded adapter 2, as previously described.  
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During PCR amplification for library enrichment, side qPCR reactions were carried 
out to monitor the optimal number of amplification cycles to use. PCR reactions for each 
library were set up using the following conditions: 1X Phusion HF buffer, 250 µM dNTPs, 
0.5 µM primer for adapter 1, 0.5 µM primer for adapter 2, and 2 μL of Phusion High-
Fidelity DNA polymerase (New England Biolabs) in final reaction volumes of 50 µL. The 
following thermocycling conditions were used:  
1 cycle: 5 min at 72 °C, 30 sec at 98 °C 
5 cycles: 10 sec at 98 °C, 30 sec at 60 °C, 30 sec at 72 °C 
1 cycle: 5 min at 72 °C, HOLD at 4 °C 
For each side qPCR reaction, 5 μL of the aforementioned PCR reaction mixture 
were added to a microcentrifuge tube containing 4 μL of 5X Phusion HF buffer, 0.2 μL of 
25 mM dNTPs, 0.5 μL of 10 μM primer for adapter 1, 0.5 μL of 10 μM primer for adapter 
2, 1X SYBR Green I, 0.3 μL of Phusion High-Fidelity DNA polymerase, and water in a 
final reaction volume of 15 μL. Samples were loaded onto a 384-well plate and placed in 
the ABI 7900 Real Time PCR instrument. Wells containing samples were highlighted and 
in the option for adding a detector, “SYBR” was selected. The following thermocycling 
parameters were used: 
Sample volume: 15 μL 
Stage 1: 2 min at 50 °C 
Stage 2: 30 sec at 98 °C 
Stage 3: 10 sec at 98 °C, 30 sec at 60 °C, Repeats: 19 
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Stage 4: 1 min at 72 °C 
Stage 5: HOLD (30+ min) at 4 °C 
From the plot of linear Rn vs cycle, the number of cycles corresponding to ¼ the 
maximum fluorescent intensity was determined to be the number of additional PCR cycles 
that should be used in library amplification. After the final PCR, samples were placed on a 
magnetic stand, and the supernatant, containing the amplified DNA, was recovered and 
cleaned up using a PCR purification spin column (MACHEREY-NAGEL). DNA was 
eluted in 50 µL of 5 mM Tris-HCl (pH 8.5) and then further purified twice using Agencourt 
AMPure XP beads to remove adapter dimers. Beads were added to the DNA in a bead to 
DNA ratio volume of 1.2, and samples were processed as previously described. DNA 
eluted from the beads was loaded onto an Agilent DNA 1000 Series chip and run on the 
Bioanalyzer to assess library quality.  
4.4 Results 
Assessing DNA damage and quality of isolated genomic DNA 
The extent of radiation damage to yeast genomic DNA, and the quality of non-
irradiated DNA in controls, were assessed using pulsed-field gel electrophoresis. Yeast 
chromosomes were well-resolved on the gel. With exposure to increasing radiation dose, 
an increase in chromosomal DNA damage is observed (Figure 4.2). At a dose of 100 Gy, 
larger chromosomal bands start disappearing, indicating chromosomal degradation due to 
DSBs. These degraded fragments travel faster on the gel, accounting for the smear of DNA 
seen below 610 kb. Chromosomes in the non-irradiated sample appear largely intact; 
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adventitious DSB damage, as indicated by the presence of a smear of DNA fragments, is 
not apparent.  
Figure 4.2. Ethidium bromide-stained pulsed-field electrophoresis gel, showing the extent 
of DNA damage in yeast cells following γ-irradiation. DNA damage, indicated by the 
breakdown of chromosomes, increases with exposure to increasing radiation dose. L 
denotes the Yeast Chromosome PFG ladder (New England Biolabs). 
OH-seq results for libraries tagging double-strand breaks 
Final libraries, the result of a total of 12 PCR cycles, were run on the Bioanalyzer. 
Electropherograms show clear signals in the 250 and 500 Gy-irradiated samples, and as 
expected, a much lower signal in the non-irradiated sample (Figure 4.3). Paired-end 
sequencing of libraries was carried out on the Illumina HiSeq sequencer. Processing of 
sequencing data and bioinformatics analyses were carried out with the assistance of Dr. 
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Hari K.K. Subramanian and Dr. Stephen C.J. Parker. Reads were aligned to the genome 
and filtered, as previously described. Forward and reverse strand reads were separated, and 
further sorted based on chromosome location. The frequency of reads (tags) at each 
position 3ʹ adjacent to the first “T” added on Read 1 was recorded. Tag counts were shifted 
accordingly to account for the original position of DNA damage from hydroxyl radical 
cleavage. In analyses examining the cleavage profiles of nucleosomes and TF binding sites, 
the mean cleavage signal at each position was obtained by averaging the signal at each 
position across aggregated sites. Datasets were normalized for sequencing depth by 
dividing the mean cleavage signal at each position by the total counts of the corresponding 
strand. To obtain the combined OH-seq profile for forward and reverse strands, the mean 
normalized cleavage signals were averaged for pairs of nucleotides close in proximity 
across the DNA minor groove (Bishop et al., 2011).  
Figure 4.3. Electropherograms generated on the Bioanalyzer, showing the size and signal 
distribution of PCR-amplified libraries (12 cycles) tagging DSBs in yeast samples. Peaks 
at 15 bp and 1500 bp correspond to the low and high markers used to align 
electropherograms. 
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Nucleosomal footprint analyses 
Normalized OH-seq signals across aggregated nucleosome sequences were plotted 
to reveal the whole-genome nucleosomal footprint (Figure 4.4). Coordinates for 20,278 
nucleosomes, mapped using a high-resolution chemical approach (Brogaard et al., 2012), 
were used to align nucleosome sequences from OH-seq data. The resulting plot shows a 
highly periodic footprint spanning about 147 bp in irradiated samples. There is a weaker 
footprint in the non-irradiated sample, reflecting the underlying DNA sequence, but also 
indicating the presence of DSBs suitable for ligation to adapter 1. Peaks within the footprint 
region are separated by 10 bp, consistent with the periodic pattern seen from OH-seq 
experiments on human cells and findings from previous studies (Satchwell et al., 1986; 
Hayes et al., 1990; Gaffney et al., 2012). The highest signal is seen at the dyad axis of the 
footprint, consistent with observations from chemical mapping studies (Brogaard et al., 
2012; Ramachandran et al., 2015). These studies indicate that the frequency of hydroxyl 
radical cleavage is highest at the dyad axis, with peaks also seen at -6, -1, +1, +6 bp relative 
to the dyad axis. While this finding still needs to be further examined, it has been useful 
for probing alternative nucleosome structures. Comparison of the OH-seq nucleosomal 
footprint with that from ATAC-seq data, also plotted using the aforementioned nucleosome 
coordinates, shows a similar pattern, although in the ATAC-seq plot, clearer periodicities 
are seen at the boundaries of the nucleosome than in the footprint region, reflecting the 
steric hindrance experienced by transposase at the nucleosome boundary (Schep et al., 
2015).  
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Figure 4.4. The whole-genome nucleosomal footprint, averaged from normalized OH-seq 
data for 20,278 nucleosomes in the yeast genome. Signal is highest at the dyad axis, and 
~10 bp periodic pattern is seen within the footprint. 
Transcription factor footprints 
Comparison of several OH-seq TF footprints with corresponding footprints from 
DNase-seq studies (Hesselberth et al., 2009) shows promising preliminary results for OH-
seq, but also highlight a problem with the technique that must be further examined. 
Normalized OH-seq signals were plotted across aggregated binding regions for select TFs 
using coordinates obtained from a genome-wide location analysis of transcriptional 
regulators (Harbison et al., 2004). Harbison et al. compiled a list of binding motifs based 
on results from ChIP-chip experiments and evolutionary studies. The motifs were scored 
based on the amount of evidence that supports the motif being active. Motifs with at least 
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two lines of evidence were included in OH-seq analyses. As the dataset does not specify 
which strand the motif is associated with, this information was inferred from findings in 
the literature for each TF analyzed.  
The centromere binding protein, Cbf1, is required for chromosome segregation and 
is known to bind the consensus sequence 5ʹ CACGTG 3ʹ (Kent et al., 2004). The co-crystal 
structure of the human homolog of Cbf1 shows the protein binding to the DNA via a helix-
loop-helix (HLH) motif (Ferré-D’Amaré et al., 1994). The DNase I cleavage pattern across 
aggregated binding sites shows two protected regions corresponding to interactions 
between the two α-helices of the HLH and the major groove of the DNA, separated by a 
region of increased nuclease cleavage at the center of the binding site. This pattern is also 
observed in OH-seq results averaged for 263 Cbf1 sites (Figure 4.5a).  
Mcm1, a MADS box factor responsible for transcriptional regulation of diverse 
genes, and has been shown to bend DNA upon binding, exposing minor grooves opposite 
the α-helices of the protein (Tan and Richmond, 1998). DNase-seq results for Mcm1 show 
a multiphasic cleavage pattern with three protected regions alternating between two highly 
accessible regions. The central protected region corresponds to interactions with the narrow 
minor groove near the center of the site, while the other protected regions correspond to 
contacts made between the α-helices and the major groove of the DNA. The OH-seq profile 
shows only the protected region at the center of the binding site; the other two protected 
regions are not as pronounced (Figure 4.5b). This difference could be attributed to the 
uncertainty in assigning forward and reverse strands to the Mcm1 motifs obtained from the 
Harbison et al. data, as well as the larger number of sites used in generating the OH-seq 
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profile compared to the DNase-seq one (251 sites versus 88 sites averaged). It is possible 
that including OH-seq results at lower scoring sites, where signal is sparse, affected the 
final averaged footprint.  
Figure 4.5. OH-seq profiles across aggregated binding sites of select TFs, along with 
available co-crystal structures. Data from forward and reverse strands were averaged to 
give comprehensive cleavage patterns. Coordinates of TF motifs were obtained from 
Harbison et al. (2004), and the number of sites (n) used in OH-seq analyses are indicated. 
(a) Structure of the human homolog of Cbf1 bound to its DNA recognition site (Ferré-
D’Amaré et al., 1994). (b) Structure of Mcm1, with the adjacent Matα2 removed, bound 
to its DNA recognition site (Tan and Richmond, 1998). Cleavage profiles for GRFs (c) 
Rap1, (d) Reb1, and (e) Abf1 are also presented. The co-crystal structure of dimeric Rap1 
bound to one DNA recognition site is shown (König et al., 1996). 
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Monophasic cleavage profiles, showing relatively featureless protected regions, are 
observed in DNase-seq and ChIP-exo studies for the general regulatory factors (GRFs) 
Rap1, Reb1, and Abf1 (Rhee and Pugh, 2011). OH-seq profiles for these proteins show 
additional features in their binding regions that were not captured in the other experiments. 
The repressor-activator protein, Rap1, important for transcriptional activation and 
silencing of mating-type genes, as well as for regulation of telomere structure, is known to 
bind telomeric DNA in a helix-turn-helix (HTH) motif (König et al., 1996). The cleavage 
pattern for 399 sites shows three protected regions, with the central region corresponding 
to the narrow minor groove where the N-terminal arm contacts DNA; the other two regions 
correspond to HTH interactions along the major groove of the DNA (Figure 4.5c). The 
DNA binding domain of the rDNA enhancer binding protein, Reb1, has been shown to 
share similarities with that of the oncoprotein Myb (Ju et al., 1990). The molecular model 
of the binding domain suggests that the protein contains two sets of helix-loop-helix-loop-
helix motifs, with the third helix contacting the DNA major groove (Biswas and Bastia, 
2008). The cleavage profile for 1,029 Reb1 sites shows clear peaks flanking the binding 
site. Within the footprint, two protected regions are separated by a central region of slight 
increased accessibility (Figure 4.5d). Finally, although a co-crystal structure is not 
available for the autonomously replicating sequence-binding factor, Abf1, experiments 
suggest that the binding domain is bipartite, consisting of a zinc finger motif and possibly 
a HTH motif (Cho et al., 1995). The OH-seq profile for 672 sites shows three protected 
regions alternating between two less accessible regions around the center of the binding 
site; in addition, two peaks flank each end of the binding region (Figure 4.5e). This distinct 
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cleavage pattern, not reported in previous studies, may provide further insight into 
understanding how Abf1 recognizes and binds DNA.  
The aforementioned GRFs also play roles in regulating chromatin structure. Plots 
of the long-range distribution of OH-seq signal surrounding these TF footprints reveal 
nucleosomal features not seen in DNase-seq studies. Binding of these proteins is enriched 
in nucleosome-free regions, and studies show that binding of these regulators drives 
nucleosome displacement or eviction (Yarragudi et al, 2004; Hartley and Madhani, 2009; 
Ganapathi et al., 2011). The distributions of OH-seq signal relative to Abf1 and Reb1 
footprints show clear periodic undulations corresponding to phased nucleosomes, while the 
plot for Rap1 shows a weaker nucleosomal footprint (Figure 4.6a-c). On the other hand, 
nucleosomal features are not observed in similar plots for Mcm1 and Cbf1 (Figure 4.6d, e), 
further demonstrating the role GRFs have in shaping chromatin structure. DNase-seq 
results show nucleosomes flanking Abf1 and Reb1 footprints, but are not as comprehensive 
as the OH-seq profiles are. Furthermore, the DNase I cleavage profile for Rap1 does not 
reveal any nucleosomal features. 
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Figure 4.6. OH-seq profiles surrounding the footprints for (a-c) GRFs, (d) Cbf1, and (e) 
Mcm1. Data from forward and reverse strands were averaged as described in the text. The 
number of sites (n) used in OH-seq analyses are indicated. Nucleosomal features are most 
apparent in plots for the GRFs Abf1, Reb1, and Rap1. 
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4.5 Troubleshooting OH-seq 
Although protein-DNA interactions for nucleosomes and select TFs were 
successfully captured in yeast studies with the library preparation protocol optimized from 
experiments with human cells, the OH-seq analyses presented here reveal an issue that 
must be accounted for. Footprints are seen in non-irradiated samples, and although 
normalized cleavage signals from these samples are lower, the patterns are evidently 
similar to the ones observed for corresponding irradiated samples. Several options to deal 
with this issue have been addressed in Chapter 3, including using a more quantitative means 
to compare OH-seq signals between non-irradiated and irradiated samples, and sequencing 
libraries prepared from naked genomic DNA to obtain cleavage profiles of the underlying 
DNA structure.  
The presence of clear footprints in sequencing analyses for non-irradiated samples 
indicates that strand breaks were generated prior to complete removal of proteins in the 
OH-seq scheme. To pinpoint the source of this damage, the steps leading up to DNA 
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isolation should be examined. In the OH-seq workflow, these steps include cell harvest, 
storage, and lysis. It is unlikely that DNA damage occurred during cell harvest, and 
therefore, focus will be placed on the other two potential problematic steps. In preparing 
cells for storage at -80 °C, a cryoprotectant, in this case, glycerol, is added to the cell 
suspension, and the sample is allowed to freeze slowly overnight. It is possible that ice 
crystals formed in the cell during this process will shear the DNA, creating breaks that can 
be modified in downstream steps. To see if this is the case, control libraries should be 
prepared and sequenced from non-frozen cells. DNA damage might also arise during cell 
lysis, in which the cells, embedded in agarose, are incubated overnight at 50 °C in a 
detergent-based buffer. Further investigation into the components of the buffer suggests 
that DNA damage could arise from prolonged incubation with sodium deoxycholate, a 
detergent used to solubilize membrane-associated proteins and other membrane 
components. Studies on esophageal cells show that sodium deoxycholate causes reactive 
oxygen species- or nitric oxide-mediated DNA damage in the form of strand breaks 
(Jenkins et al., 2007; Jolly et al., 2009). Deoxycholate does not damage naked DNA 
directly, and a cellular intermediate is required (Scates et al., 1994). While the experimental 
setup in these studies differs from that used for OH-seq, the possibility that DNA damage 
can be induced during incubation of plugs with deoxycholate should be further examined. 
While deoxycholate was included in the buffer per the protocol from Bio-Rad’s CHEF 
Genomic DNA Plug Kit, in a different protocol from the developers of pulsed-field gel 
electrophoresis, this detergent is not included for lysis of yeast and mammalian cells in 
plugs (Herschleb et al., 2007). Experiments in which deoxycholate is excluded from the 
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lysis step of the OH-seq workflow should be carried out to see if libraries prepared from 
non-irradiated DNA will still show footprints at TF sites, or if a pattern more reflective of 
the naked DNA structure will be seen.  
4.6 Discussion & Conclusion 
Since OH-seq studies on human cells revealed issues with the technique that must 
be resolved to better capture protein-DNA interactions, experiments were carried out on a 
system with a less complex genome. Library preparation was optimized such that more 
input DNA and fewer cycles were used during PCR amplification of adapter-ligated DNA, 
steps aimed to minimize the amount of duplicate reads and increase library diversity. The 
plot of normalized OH-seq signals across aggregated nucleosomes in yeast, averaged for 
both forward and reverse strands, shows a 147 bp footprint with a 10 bp periodic pattern. 
The cleavage signal is highest at the dyad axis of the footprint, consistent with observations 
from chemical mapping studies (Ramachandran et al., 2015). OH-seq profiles for select 
TFs in yeast reveal footprints with distinct protection patterns. While the OH-seq footprint 
for Cbf1 shares similarities with that observed in DNase-seq studies, the one for Mcm1 
shows deviations from its corresponding DNase I footprint (Hesselberth et al., 2009). OH-
seq profiles for GRFs show features in the binding regions that are not present in DNase-
seq results, suggesting that this novel technique can capture details at the protein-DNA 
interface that DNase-seq cannot. Plots of the long-range distribution of the OH-seq signal 
surrounding TF footprints further reveal nucleosomal features around GRF footprints that 
are not seen with DNase-seq.  
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The use of hydroxyl radicals to study DNA structure and protein-DNA interactions 
has provided structural information at single-nucleotide resolution. Modifying hydroxyl 
radical footprinting for use with high-throughput sequencing aims to provide a 
comprehensive and detailed profile of the chromatin landscape in whole genomes. While 
OH-seq must be further optimized, experiments have thus far shown that this technique 
can be used to characterize chromatin structure and protein-DNA interactions, and can 
potentially provide information regarding the type of damage at tagged sites. The library 
prep protocol currently tags 5ʹ-phosphate groups of damage sites, which are characteristic 
of gapped cleavage products. Parallel experiments to capture oxidized bases, abasic sites, 
and 5ʹ-aldehyde groups from nicked sites for downstream library prep will give a 
distribution of these products that stem from γ-irradiation. The high-resolution structural 
information obtained from these experiments could simultaneously be used to increase 
footprint signals and provide insight into the reaction pathway of radiation-induced damage 
at each nucleotide.  
Chapter 3 addresses most of the issues with the current OH-seq protocol for in vivo 
studies. Suggestions for future experiments include adding spike-in controls to accurately 
compare OH-seq signals between non-irradiated and irradiated samples, crosslinking 
protein to DNA, and sequencing naked genomic DNA libraries, to enhance footprint 
signals. OH-seq profiles for non-irradiated yeast samples are similar to those for irradiated 
samples, indicating that strand breaks in non-irradiated DNA occur prior to denaturation 
and removal of proteins. It is possible that this damage arises during freezing of cells for 
storage, or from exposure to sodium deoxycholate, a detergent used in cell lysis that has 
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also been shown to damage DNA (Jenkins et al., 2007; Jolly et al., 2009). Clarifying these 
issues to refine OH-seq will make this technique a valuable tool to add to the repertoire of 
methods used for studying chromatin architecture in whole genomes. 
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APPENDIX 
Name Sequence (5ʹ3ʹ) 
Adapter 1A 
(T-overhang) 
/5Biosg/T*TCCCTACACGACGCTCTTCCGATCT*T 
Adapter 1A 
(A-overhang) 
/5Biosg/T*TCCCTACACGACGCTCTTCCGATCT*A 
Adapter 1A 
(C-overhang) 
/5Biosg/T*TCCCTACACGACGCTCTTCCGATCT*C 
Adapter 1A 
(G-overhang) 
/5Biosg/T*TCCCTACACGACGCTCTTCCGATCT*G 
Adapter 1B /5Phos/AGATCGGAAGAGCGTCGTGTAG*G/3Phos/ 
Adapter 2A C*AAGCAGAAGACGGCATACGAGATACACGTGTGACTGGA
GTTCAGACGTGTGCTCTTCCGATCT*T 
Adapter 2.2A C*AAGCAGAAGACGGCATACGAGATGCATGCGTGACTGGA
GTTCAGACGTGTGCTCTTCCGATCT*T 
Adapter 2.3A C*AAGCAGAAGACGGCATACGAGATTCAGGAGTGACTGGA
GTTCAGACGTGTGCTCTTCCGATCT*T 
Adapter 2.4A C*AAGCAGAAGACGGCATACGAGATCCAAGGGTGACTGGA
GTTCAGACGTGTGCTCTTCCGATCT*T 
Adapter 2.5A C*AAGCAGAAGACGGCATACGAGATACATGGGTGACTGGA
GTTCAGACGTGTGCTCTTCCGATCT*T 
Adapter 2B /5Phos/A*GATCGGAAGAGCACACGTCTGAACTCCAGTCACA
CGTGTATCTCGTATGCCGTCTTCTGCTT*G/3Phos/ 
Adapter 2.2B A*GATCGGAAGAGCACACGTCTGAACTCCAGTCACGCATGC
ATCTCGTATGCCGTCTTCTGCTT*G/3Phos/ 
Adapter 2.3B A*GATCGGAAGAGCACACGTCTGAACTCCAGTCACTCCTGA
ATCTCGTATGCCGTCTTCTGCTT*G/3Phos/ 
Adapter 2.4B A*GATCGGAAGAGCACACGTCTGAACTCCAGTCACCCTTGG
ATCTCGTATGCCGTCTTCTGCTT*G/3Phos/ 
Adapter 2.5B A*GATCGGAAGAGCACACGTCTGAACTCCAGTCACCCATGT
ATCTCGTATGCCGTCTTCTGCTT*G/3Phos/ 
PCR Primer 1 
(Shp1) 
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACA
CGACGCTCTTCC 
PCR Primer 2 
(Tuft P2) 
CAAGCAGAAGACGGCATACGAGAT 
 
 
Table 1. Sequences of adapters and primers used in OH-seq library preparation. Unless 
otherwise specified, 5ʹ and 3ʹ termini contain hydroxyl groups (/5Biosg/: 5ʹ biotin; /5Phos/: 
5ʹ phosphate; /3Phos/: 3ʹ phosphate). Highlighted nucleotides of Adapter 2 sequences 
correspond to barcode positions. Adapters 2.2B, 2.3B, 2.4B, and 2.5B need to be 5ʹ 
phosphorylated with T4 PNK (3ʹ phosphatase minus) prior to annealing reactions with 
corresponding complementary strands. 
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